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Abstract 
This thesis describes experiments and modelling to determine the kinetics of industrial ammonia 
combustion over platinum gauzes. The study is motivated a by lack of understanding of the kinetics 
under industrial conditions. To investigate the industrial combustion, a burner was built whose 
design parameters were based on individual plant data found in the literature. The collection of this 
literature data is presented in chapter three of this thesis, and is the first time it has been collected 
together in this way. Two models of the system are presented, one for the kinetics, and another for 
the temperatures in the catalyst bed.  
The literature review gives a historical study of industrial ammonia combustion, without the 
limitation of examination in the context of nitric acid manufacture only. This broader scope has been 
crucial in trying to understand the field, and the rediscovery of much of the early work has been 
instrumental in not only directing the research carried out in this thesis, but challenging the way 
researchers currently look at the problem. For example, despite the process having been known to 
be mass-transfer-limited since the 1920’s, only four academic papers have specifically focused on 
the mass transfer kinetics1. In comparison there are hundreds that only look to the surface kinetics 
in order optimize combustion. In essence one must look at both the mass transfer and
The lack of historical insight has also left many researchers to build a heuristic view of the field. In 
the literature review, seven “old saws” are presented, which are found in the all the highly cited 
reviews of ammonia combustion
 surface 
kinetics to gain any understanding of the combustion system, and this thesis is the first to do so. 
2
With an understanding of the importance of this mass transfer limit, and a gap in the literature 
linking the mass transfer and surface reactions, a simple model has been developed to look at how 
the overall kinetics respond to the interactions between mass transfer and surface reaction. The 
surface kinetics have been taken from a validated micro kinetic model, and mass transfer data from 
a review of literature of heat and mass transfer in gauzes.  
. These “old saws” claim to optimize the combustion of ammonia. 
Alarmingly, many of the “old saws” continue to be peddled, despite published research showing 
them to be wrong, 
                                                          
1 The mass transfer limitation was discovered by Bodenstein. Only Appl’baum and Temkin, Oele, Roberts and 
Gillespie, and Andrews seem to realize its relevance in the study of NH3 combustion under industrial 
conditions. 
2 There are more than 7, but these are the ones which one could consider to be core to the understanding of 
the combustion system, and optimized burner operation. 
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The model resulted in two expressions for the product ratio of N2 to NO, and N2O to NO. At 
selectivities of N2 and N2O much lower than that of NO, these expressions approximate the N2 and 
N2O selectivity3
and an analogous expression for N2O: 
𝑆𝑒𝑙(𝑁2𝑂)[𝑁𝐻3]∞ 𝑘𝑔,𝑁𝑂𝑘𝑔,𝑁𝐻3 = 𝑔𝑎(Θ)𝑔𝑏 �1T� = 2𝑘𝑁2𝑂𝑘𝑁𝑂 𝐾𝑁𝑂�𝐾𝑂 1√Θ , Θ > 0 
. The expression for N2,at low N2 and N2O selectivity is: 
𝑆𝑒𝑙(𝑁2)[𝑁𝐻3]∞ 1𝑘𝑔,𝑁𝐻3 = 𝑓𝑎(𝐾𝑂Θ)𝑓𝑏 �1T� =  2 𝑘𝑁2𝑘𝑁𝑂2 �1 + �𝐾𝑂Θ�2𝐾𝑂Θ , Θ > 0 
where Θ is the oxygen excess above the surface, T is the gauze temperature, [𝑁𝐻3]∞the bulk 
ammonia inlet concentration, 𝑘𝑔,𝑖 the mass transfer coefficient of species 𝑖, 𝑘𝑗 the reaction rate 
constant for the formation of species 𝑗 on the surface, and 𝐾𝑂 and 𝐾𝑁𝑂 the equilibrium constants for 
the chemisorption of O2 and NO on the surface respectively. 
For both N2 and N2O, these expressions can be plotted either against Θ at constant temperature, or 
as an Arrhenius plot at constant Θ. Plotted in this way, the experimental data over wide range of 
conditions - from both this thesis and from other studies - collapse on to a single line. These results 
suggest that the model well describes the effects occurring in ammonia combustion to form N2 and 
N2O. 
The model and experiments elucidate four aspects of N2 formation which were hitherto not 
understood:  
1. The N2 selectivity function is constant for varying Θ > 0.  
2. The variables that control the N2 selectivity over a particular metal are limited to [𝑁𝐻3]∞, 
𝑘𝑔,𝑁𝐻3, and the gauze temperature. 
3. Increasing the pressure does not
4. At a constant temperature the selectivity to N2 is only increased by increasing the product 
𝑘𝑔,𝑁𝐻3[𝑁𝐻3]∞. The mass transfer coefficient can be increased by increasing the burner 
loading, or alternatively reducing the gauze wire diameter and/or fractional open area of the 
gauze.    
 increase the N2 selectivity. 
 
                                                          
3 In the case where the N2 and N2O selectivities are comparable to NO, a correction was applied to the 
expression. For industrial conditions the product ratio is within a few percent of the selectivity. 
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Similarly, the model and experiments reveal three conditions that lead to an increased selectivity to 
N2O, which were also not previously known:    
1. Decreasing Θ 
2. Increasing pressure 
3. Increased ammonia concentration  
Experiments have been carried out to examine the degree of decomposition of NO and N2O on the 
gauze. Neither increasing the layers of gauze, nor (in the case of N2O) doping of the feed led to any 
change in selectivity, suggesting that the rates of NO and N2O decomposition are negligibly small. 
This result, supported by the work of Apel’baum and Temkin (Apel'baum & Temkin, 1948) is contrary 
to the prevailing belief that NO is decomposed at appreciable rates on the gauze pack, despite no 
studies which show it to be the case. The significance of this conclusion is that the target of a 
catalyst “contact time” for burner design is not well founded. 
A model of the temperature in the catalyst gauze pack is presented. Previous models have assumed 
the Lewis number of ammonia in air (𝐿𝑒𝑎𝑖𝑟) to be 1, which would lead to the maintenance of a 
constant surface temperature throughout the gauze pack. In fact, the assumption of unity Lewis 
number for ammonia in air is erroneous: with a more accurate value of 𝐿𝑒𝑎𝑖𝑟 = 0.9, it is shown that 
the first gauze temperature is likely to be higher than the subsequent layers, perhaps by as much as 
50 °C. This result, which has been seen experimentally before (Apel'baum & Temkin, 1948) but not 
previously explained, has significant impacts on the performance of ammonia burners in practice: for 
example, the significant restructuring and loss of platinum from the leading gauze may just be the 
result of the higher temperatures experienced there. 
The models for the reaction kinetics showed the burner parameters which can be used to optimise 
NO selectivity and reduce N2O formation in industrial ammonia oxidation. Where previously this 
optimization has been discussed in terms of “rules of thumb”, the master plots presented in this 
thesis give the universal design data that can be used over a very wide range of conditions. Below is 
a proposed correction of the “old saws”, which also act to summarize the findings of this thesis: 
1. The NO selectivity is a function of the mass transfer coefficient (which incorporates the 
burner loading and gauze type), the inlet ammonia and oxygen concentrations ([𝑁𝐻3]𝑖𝑛 and [𝑂2]𝑖𝑛), and the gauze temperature. 
2. Pressure does not affect the selectivity to N2, but does affect the N2O selectivity. 
3. NO and N2O are not decomposed on the gauze at an appreciable rate. 
4. The maximum NH3 mole fraction in the feed is set by the lower of either: 
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a. The flammable limit 
b. The lowest value of Θ that still gives good NO selectivity, as determined by the 
relative diffusivities of O2 and NH3 in the bulk gas environment 
5. The gauze type can improve the selectivity to NO. At a given burner loading, a larger wire 
diameter and/or fractional open area, will give a higher NO and lower N2O selectivity.  
6. A uniform surface temperature profile in the gauze pack occurs only when the Lewis number 
of ammonia in the ballast gas is = 1. For combustion in air 𝐿𝑒 < 1, yielding a first gauze 
which is hotter than the adiabatic exit gas temperature.  
vi 
 
 
 
 
 
 
 
 
“If it wasn’t for bad luck, I wouldn’t have no luck at all.” 
- Albert King, Born Under a Bad Sign   
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1 Introduction 
The aim of this thesis is to gain a better understanding of industrial ammonia combustion on 
platinum. This is achieved not only by detailed review of ammonia combustion – both in a historical 
and contemporary scientific context – but also through the use of a bespoke experimental setup, 
and models  of both the temperature of the gauze pack, and the mass transfer and reaction kinetics.  
This thesis begins in Chapter Two with a review of industrial ammonia combustion, carried out in 
four parts. The first covers the history of the development of the process from its beginnings in the 
nineteenth century, to present day operation. The focus of the historical study is to give the reader 
an understanding of present operation, and what has clouded peoples’ current understanding of the 
combustion system. The second part reviews ammonia combustion in different ballast media, not 
only within the context of the experiments carried out in this thesis, but also as an insight into areas 
of process development outside of the current “norm”. The third part reviews the current 
understanding of the global kinetics of ammonia combustion over platinum gauze catalyst, while the 
fourth and final part of the review covers the mechanistic aspects of ammonia combustion on 
platinum. 
Chapter Three describes the experimental apparatus for studying ammonia combustion in steam 
ballast under industrial conditions. Potential pitfalls which have been experienced in setting up the 
experimental rig have been highlighted in this section, and the chapter also outlines the 
methodology used in obtaining results. The results from the experimental apparatus are shown in 
Chapter Four. 
The discussion of the results has been divided into two parts. The first, Chapter Five, begins with 
construction of a model of the temperature profile in the gauze pack. The results of the model are 
discussed, along with the potential effects on combustion both in the experimental setup and 
industrial operation. This is followed by Chapter Six which details the development of a kinetic 
model of the combustion system. The model is applied to the results presented in Chapter Four, and 
from other researchers. Chapter Seven draws conclusions and outlines potential further work.  
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2 Literature Review 
This literature review is divided into four parts. The first section reviews 200 years of ammonia 
oxidation, with most of the focus placed on the developments made over the past century. The 
second subchapter outlines combustion in ballast media other than air. The third section is a review 
of the mass transfer in wire gauze packs, and current understanding of combustion optimisation in 
industrial burners. The forth subsection is a review of the reactions on the surface and modelling of 
the reaction chemistry. 
 
2.1 A history of ammonia combustion in nitric acid manufacture 
2.1.1 Introduction to nitric acid manufacturing 
Nitric acid has been manufactured on a small scale since the Middle Ages. However large scale 
production, in the form of the Ostwald process, is very recent by comparison at just over 110 years 
old (Chilton, 1968). Presently the largest plants have a capacity of approximately 2000 tonnes per 
day of 100% nitric acid, and an average sized plant would be classed as 1000 tpd (EFMA, 2000). 
Yearly world production is estimated to be 50 to 60 million tonnes, with the majority used to make 
ammonium nitrate (AN) and calcium ammonium nitrate (CAN) (Thiemann, Scheibler, & Wiegand, 
2000). AN and CAN are both used as fertilizers, with AN also being used as an oxidiser in mining 
explosive when mixed with fuel oil. The use of nitric acid for non fertilizer or explosive uses accounts 
for less than 20 percent of the total. These uses vary from pickling and etching steel, nitrating agents 
for explosives, and the manufacture of adipic acid and organic intermediates such as nitro-alkanes 
and nitro-aromatics. 
Before explaining the history of the nitric acid manufacture it is helpful to explain the basic steps of 
the modern process. A generalized process flow diagram is given in Figure 2.1.1. The process shown 
is to make weak nitric acid, that is to say it produces acid at a concentration of between 50 and 70 
weight percent. 
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Figure 2.1.1 A simplified process flow diagram of the nitric acid manufacturing process. 
In the first stage of the process ammonia and air are mixed together and burnt over a pack of 
platinum gauzes. The exothermic heterogeneous reaction produces over 95 percent nitric oxide 
(reaction 2.1.1), and the undesirable side products of up to 4 percent nitrogen (reaction 2.1.2) and 2 
percent nitrous oxide (reaction 2.1.3). 
 𝑁𝐻3 + 54𝑂2 → 𝑁𝑂 + 32𝐻2𝑂            ∆𝐻𝑐𝜊 = −227 𝑘𝐽.𝑚𝑜𝑙𝑁𝐻3−1  2.1.1 
 𝑁𝐻3 + 𝑂2 → 12𝑁2 + 32𝐻2𝑂             ∆𝐻𝑐𝜊 = −317 𝑘𝐽.𝑚𝑜𝑙𝑁𝐻3−1  2.1.2 
 𝑁𝐻3 + 34𝑂2 → 12𝑁2𝑂 + 32𝐻2𝑂         ∆𝐻𝑐𝜊 = −276 𝑘𝐽.𝑚𝑜𝑙𝑁𝐻3−1  2.1.3 
A gauze pack can be up to 6 meters in diameter, and depending on the pressure of operation 
consists of 3 to 40 layers. Burners are often also referred to as oxidisers or converters, and operate 
at temperatures between 800 and 950°C and pressures ranging from 1 to 14 bara4
Figure 2.1.2
. The gauzes are 
made of a fine platinum alloy wire, between 0.06 and 0.075 mm in diameter, and apertures of the 
order 0.25mm. The fresh gauzes have the appearance of metallic cloth, and the wires are smooth. 
After a couple of weeks of operation the platinum wire begins to restructure, and to grow small 
nodules which are referred to as “cauliflowers”. Examples of these “cauliflowers” are shown in 
. At these high temperatures of operation platinum on the gauze is volatile and is lost 
from the pack. Higher pressure reactors operate at higher temperatures than lower pressure 
                                                          
4 Few authors make any distinction between absolute and gauge pressure when describing operation, and 
given the apparent sensitivity of product selectivity to pressure it is one that should be made. 
4 
 
burners, and hence lose more platinum per tonne of acid made. Platinum losses can be significant 
and hence gauzes on a higher pressure plant must be changed out every four to six weeks, while an 
atmospheric plant may only have the gauze changed every year. 
 
Figure 2.1.2 Scanning Electron Microscopy images at 64 times magnification. Fresh gauze before use on left (this thesis), 
and used gauze on the right after operation and showing cauliflower formation (McCabe, Smith, & Pratt, 1986). 
The combustion of ammonia releases a significant amount of heat, evident in the heats of reactions 
above. The majority of the heat energy can be recovered and is used in the compression of process 
gases, or to raise steam for export to other processes.  Once the combustion gases have been 
significantly cooled they are passed in to the cooler-condenser where the NO begins to be oxidised 
to NO2, and some of the water fraction is condensed forming a dilute stream of nitric acid. The 
oxidation of NO is the rate limiting step in the entire process, and goes according to the following 
reaction: 
 2𝑁𝑂 + 𝑂2 ⇌ 2𝑁𝑂2            ∆𝐻𝑟𝜊 = −57 𝑘𝐽.𝑚𝑜𝑙𝑁𝑂−1  2.1.4 
The reaction is unusual, not only because it is termolecular, but because it is one of the few 
reactions where the rate decreases with increasing temperature (Chilton, 1968). There is insufficient 
oxygen remaining at this stage to fully oxidise the NO, so additional air must be added (Chilton, 
1968). 
In the final stage the NO and NO2 is then passed into the bottom of the absorber, a stainless steel 
vessel, 2 to 4 meters in diameter and up to 70 meters tall. The liquid fraction that is condensed in 
the cooler-absorber is also added to the tower. It is added to a tray of the absorber with the same 
strength of nitric acid. Absorption is always carried out at pressures greater than atmospheric, 
typically in the range 4 to 14 bara while combustion may be carried at atmospheric pressure or 
higher, depending on the process configuration. Water is passed through from the top of the 
absorber flowing counter to the flow of the gas. The tail gas from the absorber is vented through an 
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abatement system removing the residual NOx. This tail gas comprises of 1 - 4 vol.% oxygen, 0.3 - 2 
vol.% water, 100 - 400 ppmv of NOx, 300 - 3500 ppmv of N2O and the balance being nitrogen (EFMA, 
2000). 
The nitric acid is drained at the bottom of the tower, and ranges from 50 to 70 weight percent 
according to the design of the process. Before the acid can be stored, it must be bleached. Air being 
added to the NO oxidiser is first passed through the bleaching tower where is contacted with the 
acid, removing any dissolved NO2. The dissolved NO2 gives the acid a brown-yellow appearance, and 
its presence is undesired for downstream processes. 
Over the past century the process has evolved considerably. Not only have plant capacities increased 
by nearly a thousand fold (from 3.5 to 2000 tonnes per day of 100% HNO3), refinement of the 
process has enabled plant operators to attain efficiencies for ammonia to nitric acid conversion of 
less than 280 kg NH3 per tonne 100% HNO3, or 96 percent (Connor, 1967). Early plants required in 
excess of 350 kg to produce the same amount of acid, a conversion efficiency of 77 percent (Landis, 
1919). 
Many talented engineers and chemists have stamped the Ostwald process with their improvements, 
all made with the best knowledge available at the time. Sadly in most cases the reasoning behind 
their original insights has been forgotten, and now only the results of their triumphs have been 
recorded. Hence much of the theory behind plant design has become heuristic. Examples of this 
style of approach are seen in the use of gauze as a catalyst, or how the pressure influences the 
combustion temperature. Without an understanding of how many of the developments in the 
combustion stage of the process came about, it is very difficult to make sense of what is currently 
considered to be best practice. The next sections of this review explain the history of nitric acid 
manufacture, with the greatest emphasis being placed on the combustion stage; however the 
absorption end of the process has also influenced combustion and it would be erroneous if it were 
ignored. 
 
2.1.2 The conception: 1789-1900 
The first successful conversion of ammonia and air to nitric acid was carried out by the Rev. Isaac 
Milner in 1789. He did so by passing ammonia over magnesium oxide in a heated gun barrel (Hunt, 
1958). While noting that he made nitric acid, there was no refinement of his experiments to develop 
a method of manufacture. The experiments were merely seen an important step in confirming 
Joseph Priestley’s work in connecting ammonia and nitric acid (Mittasch, 1953). 
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1824 marked platinum’s first use as a catalyst for ammonia combustion. Platinum wires were used 
to ignite a number of gas mixtures, with ammonia one of many of the gases tried (Henry, 1824). 
William Henry’s contribution is rarely recognised and Frédéric Kuhlmann is commonly credited with 
the discovery of platinum as an ammonia oxidation catalyst. Kuhlmann, a French industrial chemist, 
tackled the problem in the late 1830’s, over a decade after Henry. Kuhlmann achieved impressive 
results when passing the mixture over a platinum sponge heated to 300°C. He had also tried a 
number of other catalysts, with iron and copper wire being the most successful after platinum 
(Mittasch, 1953). Filing his patent in 1838, Kuhlmann noted that the process was in no way 
economical at the present time, but hoped it may eventually become so (Hunt, 1958). 
Two decades later Christian Schönbein showed that, by passing oxygen through an ammonium 
hydroxide solution, a hot platinum wire could ignite the mixture and make nitric acid. Similar results 
were achieved with copper and copper oxide (Schönbein, 1857). A decade later Kraut was showing 
the same effects with platinum ribbon, but again these experiments were nothing more than 
demonstrations of the catalytic potential of platinum, rather than development of an industrial 
process (Mittasch, 1953). 
In 1891 Warren conducted an experiment in which platinised asbestos was placed in to a heated 
tube over which was passed ammonia and air mixtures. The combustion products were not further 
oxidised to nitric acid, but rather the nitric oxide produced was used to make sodium and potassium 
nitrite (Warren, 1891). 
By 1900 Marston was getting reasonable nitric acid yields by passing air and ammonia over hot 
copper (Partington, 1917). However the propensity for the catalyst to make nitrogen rather than NO 
was noted by others, and the method later became the “Harcourt method” to produce pure 
nitrogen from ammonia (Greenwood, 1920). 
Since the pioneering work done by Kuhlmann, half a century had passed, and very little progress had 
been made. People had shown that pure metals, their oxides, and even supported metals could 
catalyse ammonia to nitric acid. However none of the researchers had been able to commercialise 
their research, or even increase the scale of their experiments beyond laboratory scale. 
 
2.1.3 The birth: 1900-1920 
In 1900 Wilhelm Ostwald, who at the time was already a respected chemistry professor at the 
University of Leipzig, began work on the problem of catalytic ammonia oxidation. He did so 
seemingly without any knowledge of Kuhlmann’s work (Mittasch, 1953), and he would pay the price 
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for this later. This early experimentation was carried out with his assistant, former student and later 
son in-law, Eberhard Brauer (Brauer, 1953). Experiments were first carried out on platinised asbestos 
in narrow glass tubes, and later with a short platinum ribbon which was folded into a glass tube 
2mm in diameter and 20cm long. The ribbon method proved to be much more successful than the 
platinised asbestos (Hunt, 1958). A sketch of his experimental setup is shown in Figure 2.1.3. The gas 
is premixed, and then flows in the outer tube which was heated both externally and by the hot 
combustion gases leaving the catalyst. Finally the gas products were condensed giving nitric acid. 
 
Figure 2.1.3 Ostwald’s experimental set up, taken from his US patent. The sections of the apparatus are as follows; (a) 
mixing tube; (b) containing vessel; (c) exit tube; (d) catalytic contact body; (g) pump for oxygen or air; (h) pump for 
ammonia; and (i) condensing vessel (Ostwald, 1907). 
Ostwald had the greatest success with platinum, but also experimented with palladium, iridium, and 
rhodium as pure metals. He also tried the oxides of manganese, lead, silver, copper, chrome, nickel, 
cobalt, molybdenum, and vanadium. Different forms of presenting the platinum catalyst were 
investigated, amongst which were wire nets, perforated plates, balls of wire, and small chips 
(Ostwald, 1907). 
As the first researcher to approach the problem in such a systematic way, the fruits of his labour 
were delivered in the form of two patent applications (Ostwald, 1902a, 1902b). The first of these 
patents described the manufacture of nitric acid in air over a catalyst. However this patent was 
dismissed in Germany due to Kuhlmann’s previous work in using platinum. His second patent, which 
was successful, specifies the necessity to preheat the gas mixture to approximately 300°C, and to 
make the contact time over the catalyst as short
In December of 1901, on the back of his successes in the laboratory Ostwald enlisted the assistance 
of the chemist Wilhelm Will to set up “technical scale” trials (Brauer, 1953). Friedrich Uhde, who 
would set up a number of nitric acid processes of his own, made a name for himself designing this 
plant (Baumann, 2008). The plant was finished and in operation by 1904, and a further increase in 
scale was deemed feasible. The larger-scale plant in Gerthe, Westphalia had a production rate of 
 as possible (Mittasch, 1953). 
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300kg nitric acid per day at 53% concentration (Partington, 1917). This was produced in three 
convertors in parallel (Hunt, 1958). By 1908 a third scale plant was brought online, and production 
increased another order of magnitude to 3 tons per day of 53% acid. 
The catalyst used in the convertor was 50 grams of corrugated platinum ribbon 20mm wide, 0.1mm 
thick, and rolled into a spiral forming a series of short tubes each 20mm long and approximately 
2mm in diameter. This was housed in a drawn nickel tube, 55mm in diameter, and 2m in length 
(Hunt, 1958; Scott, 1923). The velocity of the gas passing over the 20mm long catalyst was 5m per 
second, giving a residence time of 0.004 seconds (Landis, 1919). 
Ostwald’s plant consumed vast quantities of platinum, and the catalyst monolith required replacing 
every four to six weeks. About 3% of the platinum was lost (Mittasch, 1953). The platinum loss was 
starting to make the production of nitric acid quite expensive and for many seen as a reason for 
change in catalyst form (Hunt, 1958). In Chilton’s analysis of Ostwald’s conditions of operation it was 
clear that the catalyst form was not the cause of the platinum loss, as was thought at the time, and 
by a number of researchers since. His plant ran at 10.6% ammonia and a preheat temperature of 
300°C, giving a catalyst temperature of approximately 1055°C (Chilton, 1968).  The rate of platinum 
losses at this temperature is indeed huge and modern plants running at such high temperatures 
would lose platinum at considerable rates too. 
Plants of the same design as Ostwald’s were built in France, Belgium, Russia and England (Landis, 
1919; Partington, 1917). The plants seem to be plagued with low yields, and were superseded by 
more efficient plants by the end of the First World War. Ostwald had reported a plant oxidation 
efficiency of 85 percent, however others have estimated it to have been closer to 75 percent (Landis, 
1919). 
Once Ostwald’s process had been shown to work, other researchers and companies began to tinker 
with the process. Most of this work was done in Germany where Ostwald’s patent was not valid, and 
the conditions he had discovered for efficient operation could be exploited freely. The next person 
to attack the problem was Karl Kaiser. Working at the Technische Hochschule in Charlottenburg, 
Kaiser carried out detailed experiments into the use of platinum gauzes instead of Ostwald’s 
corrugated ribbon (Hunt, 1958). Kaiser’s rational behind switching between a corrugated ribbon and 
gauze was very simple. Ostwald has discovered that a reduced residence time gave a better NO 
selectivity. Kaiser reasoned that a gauze catalyst would then substantially reduce the residence time, 
as the catalyst bed would now be 2 – 20 mm deep, as opposed to Ostwald’s 10 – 50 mm (Mittasch, 
1953). 
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Kaiser selected a platinum gauze of 0.06 millimetre diameter wire, with 1050 meshes per square 
centimetre. With this new catalyst he claimed to get efficiencies of over 100 percent. He justified 
this impressive increase in efficiency by arguing that he was fixing the nitrogen in the air at these 
high temperatures. Errors in Kaiser’s method of analysis of the products were the real reason for this 
apparently miraculous efficiency (Landis, 1919). His size and type of gauze was still used up until the 
mid 1990s, when it was replaced by knitted gauze. The total thickness of the 4 gauzes was less than 
0.6mm, and an air velocity of 1m/s at 300°C was chosen (Partington, 1917). 
 
Figure 2.1.4 Kaiser’s experimental set up, taken from his US patent. The labelled sections are; (a) quartz tube 200mm in 
diameter; (b) platinum gauze; (d) inlet for air; (e) burners to preheat the air; (f) ammonia inlet (Kaiser, 1911). 
A second aspect to Kaiser’s work, and the part that he was able to patent, was to heat the air only 
rather than the air and ammonia mixture as Ostwald had done. This reduced the ammonia 
decomposition before contacting the gauze (Kaiser, 1911). Preheating the air on its own is still 
carried out in all modern pressure processes, but unlike in Kaiser’s process – where the air was 
heated by coke fire (Mittasch, 1953) – the air is pre-heated by the compressor or is heated by the 
hot combustion gases. The demise of the Kaiser process was most likely due to coke being used to 
preheat the air, with the additional expense being unpalatable to operators when the heat from the 
reaction could be easily utilised. 
Shortly after Kaiser, Farbewerke Höchst also designed a process. The novelty in their process came 
from a reduction in the amount of oxygen they provided at the combustion stage. Previous 
processes had an excess of oxygen at the combustion stage as it was thought to give a better 
conversion to NO (Mittasch, 1953). However the engineers at Höchst were able to increase the 
oxygen to ammonia ratio to 14.5 percent - from the usual 8 to 10 percent -and still obtain good NO 
selectivity (Rohmer, 1914). The first process produced 49,000 tonnes of 100 percent acid per year, 
and did so using 37 convertors each 180mm in diameter (Partington, 1921). By 1915 the company 
had built a second plant capable of producing 140,000 tons of acid, with 224 convertors. An example 
of such a convertor is shown in Figure 2.1.5. Air, preheated by the hot combustion gases, was mixed 
with ammonia. The inlet gas contained an ammonia mole fraction of 12.5 percent by volume, and 
was then passed over a four layers of platinum gauze 500 mm in diameter. The gauze is reported to 
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have burnt at a temperature of 800°C (Partington, 1921). The process that Höchst developed is now 
obsolete, however most of the design that they incorporated into their process is still included in 
today’s designs. For instance round flat gauze packs, an oxygen to ammonia ratio suitable to oxidise 
to ammonia to NO only, and preheating of the inlet air by the combustion gases. 
 
Figure 2.1.5 An early non electric type disk burner, installed at Höchst. The gauze was 0.5m in diameter and had 4 layers 
of gauze (Partington, 1921). 
From 1907 Nikodem Caro and Adolf Frank, had been working on the process too, but using ammonia 
combustion to produce NO for the Lead Chamber process to make sulphuric acid. The pair started 
using a Thorium oxide catalyst, but were unable to get the process to work due to sintering of the 
catalyst. As with Kaiser, the failure of Ostwald’s patents had enabled them to switch to Platinum and 
utilize some of Ostwald’s design (Landis, 1919). By 1913, now joined by Adolf’s son who was a 
chemical engineer, they had incorporated Kaiser’s preheating of the air only and the use of platinum 
gauze. However they used one layer of gauze, as opposed to Kaiser’s four, and electrically heated 
the gauze. Electrical heating allowed a reduction in the preheat temperature thus reducing the 
amount of ammonia decomposition before the mixture reached the gauze (Landis, 1919). Accounts 
differ as to whether the burner was a success or not, but the Berlin Anhaltische Maschinenbau A. G. 
(BAMAG) took over the design to get a viable burner. The burner design was for up flow, ensuring 
the gauze pack would be supported by the up flow of the gases (Holmes, 1959). The burner could 
convert approximately 200kg of ammonia per day, on a gauze 250 by 600 mm (Schüphaus, 1916). 
The bottom cone of the burner was cooled to ensure that decomposition of ammonia before 
reaching the gauze was minimised. 
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Figure 2.1.6 (left) shows the first BAMAG burner. Both the flow of ammonia and air are controlled by 
use of orifice plates. The two gases are mixed in the base, and are fed up towards the rectangular 
gauze. The bottom of the burner is water cooled, to ensure a low metal temperature, and the gauze 
is electrically heated. 
By 1914 BAMAG had built 30 plants, with a total annual capacity of 12,000 tonnes of ammonia 
combustion, and a further 17,000 tonnes were in the process of being built in 1916 (Partington, 
1917).  By the end of the war, BAMAG had changed the design of the burner yet again, settling for a 
design very similar to Höchst and abandoning the electrical heating (Hunt, 1958). The new burners 
were 2 meters in diameter, and 2 or 3 gauze layers operated at 800-850°C. By 1930 the loading of 
the burner was over 6,000 kg of ammonia per day at a selectivity to NO of 96-98 percent 
(Wendlandt, 1949). 
Figure 2.1.6 (right) shows this new burner design. Ammonia is fed in to the reactor from inlet (1), 
and air from inlet (2) at the bottom of the burner. The two reactant streams enter a mixer (3), pass 
through a filter (4), a Raschig ring pack (5), before finally reacting on the gauze pack (6). The gauze 
was held in place by a ring (7).  A hood (8) directed the flow of combustion gases out of the top of 
the reactor (10). 
     
Figure 2.1.6 The first BAMAG burner on the left (Schüphaus, 1916), and the second BAMAG burner on the right 
(Wendlandt, 1949). 
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The vice president of the American Cyanamid Co., Walter Landis had spent time in Germany with 
BAMAG before the First World War, and was up to speed with the developments on ammonia 
combustion technology (Parsons, 1919). Landis came back to the US and designed a burner based on 
the BAMAG burner, which was electrically heated too (Landis, 1919). The burner consisted of one 
layer of gauze which was electrically heated, which kept the gauze temperature above 685°C. The 
burner differed from the BAMAG burner in that the flow of gas was downwards. A pilot burner 
(shown in Figure 2.1.7) was built in Warners, New Jersey in July of 1916, to test the loading that the 
burner could take. At first the burner was run from 235 to 820 kg ammonia per m2 burner area per 
day, with little change in the conversion efficiency. The efficiency decreased by up to 3 percent when 
the loading was increased to 1270 kgNH3.d-1.m-2. For the optimum loading, 700 kgNH3.d-1.m-2 was 
chosen, giving close to the optimal 96 percent selectivity. A larger plant was built in Muscle Shoals in 
Alabama, with 700 burners capable of producing 250 tons 100 percent nitric acid per day (Landis, 
1919).  Each burner was 12 by 25 inches in diameter requiring 5kW of power, and was able to burn 
111 kg per day (Perley, 1920). As the US burner required downward flow and hence the gas was 
unable to support the gauze, the burner had to be much smaller than those of Höchst and BAMAG 
(Holmes, 1959). 
 
Figure 2.1.7 A Landis type burner as viewed from the side. The unit was 1200 mm high, and 635 by 305mm in cross 
section. Air and ammonia flowed in from the top, and the gauze was heated electrically (Landis, 1919). 
With the possibility of the USA joining the First World War, the US government realised there would 
be a large requirement for nitrates. They employed Charles Parsons, Chief Chemist of the Bureau of 
Mines, to find a viable process for nitric acid manufacture. After approaching a number of 
companies, the US government settled on The American Cyanamid Company process (Clarke, 
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1976).The team from the Bureau of Mines wanted to improve Landis’ design, and as a result 
developed a cylindrical basket type burner. The result was a burner which was much cheaper to 
construct, very efficient, and easier to operate5
1. The burner should have a high thermal mass, and so that the temperature could be much 
more easily controlled. 
 (Perley, 1920). Parsons employed a very strict design 
philosophy for the new burner: 
2. The gauze should also not be heated by electricity, but rather by the heat of combustion, to 
reduce the cost of production and utilize the large amount of heat released. 
3. Ammonia decomposition before the gauze should be minimised by maintaining the entry 
region as cold as possible. 
The burner Parsons designed is shown in Figure 2.1.8. One large sheet of platinum gauze was rolled 
in to a cylinder 290mm high and 230mm in diameter, and four layers thick. The burner operated at a 
temperature of 780°C, and loadings of 529 kg of ammonia per day (Perley, 1920). 
 
Figure 2.1.8 The cylindrical gauze burner. Ammonia and air fed from Inlet from the bottom (9). The catalyst gauzes (1) 
was placed in a cylinder, consisting of several layers wrapped around. Using the rod (7) the gauze cylinder can be 
tensioned by use of winding the handle (12) (Jones & Parsons, 1919) 
                                                          
5 At about the same time, Captain George Perley of the US War Department had himself designed a test burner 
in Sheffield Alabama. It was 305mm square, able to produce approximately 250kg of acid per day and 
electrically heated. However it appears this burner was never used in a larger plant (Curtis, 1922). 
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In Figure 2.1.8 the flow of the ammonia air mixture is from the inlet at the bottom. The gas flows 
from the centre of the cylinder outwards, where the hot gases then hit a fire brick wall.  The fire 
brick wall gave Parson’s his required high thermal mass, and better temperature control. The flow 
arrangement fulfilled the second and third design constraints. The radiation of the hot gauze 
radiates on to itself and the fire brick, which in turn would radiate back to the gauze. This would 
ensure that the gauze could remain hot without electrical heating. It also meant that heat was not 
lost to the inlet as had been a problem with BAMAG, Höchst and Landis burners which suffered from 
high inlet temperatures. The colder inlet would reduce decomposition of ammonia, increasing the 
conversion efficiency. 
In 1920 the price per cylindrical convertor was $308.50 versus $414.41 for a Landis type (Perley, 
1920). A cylindrical basket burner could burn much more ammonia compared to Landis’s burner, 
resulting in a capital saving of six fold on a cost per mass of ammonia burnt. Although not used 
today, the design lasted for nearly two decades before being dropped in favour of the Höchst style 
design (Chilton, 1968). 
In England at the same time James Partington was working with the Nitrates Section of the 
Munitions Inventions department in developing an ammonia burner for nitric acid production. The 
burner that they developed looked much like the burner that Landis had developed. The 
demonstration unit shown in Figure 2.1.9 had an area of 102 by 152 mm, and was 1220 mm high. 
Two modes of operation were possible, either two layers of gauze were heated electrically, or a 
larger number of gauzes could be used with no electrical heating needed (Partington, 1918). Five 
large plants were commissioned at a cost of £20 million. These plants were built by and operated by 
Brunner Mond, Nobel explosives and United Alkali, all later joining to become ICI (Partington & 
Parker, 1922). 
 
Figure 2.1.9 The demonstration burner from the Munitions Inventions department (Partington, 1918). 
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The final step in ensuring a viable process was a reliable source of large quantities of pure ammonia. 
For the early plants the processes relied on ammonia from the coking process. This source was 
expensive and inefficient, and more importantly contained sulphur and phosphorous compounds 
that readily poison catalysts. Many of the poor efficiencies in oxidation of the early plants have been 
attributed to poor ammonia feedstock (Perley, 1920). In 1909 Carl Bosch while working at BASF, 
managed to replicate Fritz Haber’s experiments and produce ammonia at a rate of 80 g per hour at 
185 atm. This amazing step forward, led to a first pilot plant in 1913, with a production rate of 30 
tons per day (Chilton, 1968). Later that year production had increased to nearly 200 tonnes per day. 
This enabled nitric acid plants to grow much bigger with an ever increasing supply of ammonia. 
From humble beginnings at the turn of the century, two decades later a viable process had been 
created. Amazingly most of the changes carried out in those first twenty years have remained with 
the process, and are still visible in current designs of burners. Ostwald had developed the process, 
Kaiser the catalyst, and Höchst the burner design 
Figure 2.1.10 highlights the impact of this period on the combustion part of the process, which 
shows the burner loadings versus temperature for the early burners, and also modern plant burners. 
The first series (black diamonds) shows the burners developed from 1910 to 1930, which have been 
discussed in this section. The second data set (red circles) are burner loadings taken from modern 
plant designs. It is clearly evident that the sizing of the modern burners was congruent with that of 
the burners in the early period. Some outliers exist, but the conditions for ammonia combustion set 
during these first two decades have clearly continued to be used. This figure raises the pertinent 
question: why have both the design and understanding of ammonia burners operation developed so 
little over the past century? 
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Figure 2.1.10 The burner loading as a function of gauze temperature. Black diamonds are for burners built between 1910 
and 1930. Red circles are for modern plant designs. The data sets in this figure have been assembled for this thesis, and 
are shown in appendix Table A.1.2 and Table A.1.3. 
 
2.1.4 Raising the pressure: 1920-1930 
Even in the early days, the process developers were aware that NO2 absorption and the oxidation of 
NO were both favoured by higher pressures. An English patent as early as 1919 proposed a raised 
pressure, and cooling of the acid in the absorber (Chilton, 1968). There are two key advantages that 
can be gained by raising the pressure. The first is that an increase in the pressure allows a higher 
concentration of acid to be produced (Miles, 1961). Higher concentration acid for the production of 
munitions in the First World War was the primary objective in the early days of nitric acid 
manufacture. The majority of nitric acid plants had a sulphuric acid concentrator located on site. The 
second advantage is a reduction in the capital costs derived from smaller absorption equipment, or 
even a reduced number of absorbers (Chilton, 1968). When the pressure is increased, two factors 
contribute to a reduction in the size of the absorber. The first is that as the pressure is increased, the 
throughput can be increased for the same velocity. An increase of pressure from 1 atmosphere to 8 
would allow the gas space in the absorber to be an eighth of the size for the same throughput, albeit 
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with an 8 fold increase in the pressure drop. The second effect stems from the limiting step in the 
absorption mechanism, the oxidation of NO to NO2. This reaction is not only favoured by lower 
temperatures, but also elevated pressures. In the equation 2.1.5, the rate of the reaction to form 
NO2 can be written as: 
 𝑟 = 𝑘𝑝𝑁𝑂2 𝑝𝑂2 2.1.5 
where 𝑘 is the reaction rate constant,  𝑝𝑁𝑂 and  𝑝𝑂2 are the partial pressures of NO and O2 
respectively. Increasing the pressure has the effect of reducing the required residence time 
substantially. An increase from 1 to 8 atmospheres would reduce the time required to oxidize the 
NO by a factor of 512 (Chilton, 1968), and reduce the corresponding size of equipment 
proportionally for the same throughput. With these two factors combined, the reduction in capital 
costs from this reduced volume is tremendous (Chilton, 1968). 
Until the 1920’s, the factor that had denied plant designers from achieving elevated pressures in the 
absorber was simply a matter of suitable available materials. Steel, which is able to cope with the 
higher pressures, is unable to resist attack by nitric acid. Stoneware which had been used 
predominantly at atmospheric pressure has completely the opposite properties, and hence could 
not be used at pressure. Not until the advent of stainless steels, developed for the manufacture of 
kitchenware, did designers find the perfect material to build absorbers (Miles, 1961). 
At the start of the 1920’s with the mass availability of stainless steels, two groups were trying to 
achieve higher pressure absorption. They solved the problem in two different ways. The American 
team working for DuPont wanted high pressure for both the absorption and the combustion stages. 
The European designer Giacomo Fauser had a different idea altogether, and aimed for atmospheric 
combustion and pressurised absorption. 
The DuPont team, lead by Guy Taylor, attacked the problem in the most simple manner. It was to 
raise the pressure of the whole process and by doing so they would capture the benefits of the 
higher pressure absorption. Early trials were carried out on a small flat Landis type gauze burner, 3 
inches square, 4 gauzes deep, and electrically heated. An absorber 3 inches in diameter was 
employed. Experiments were carried out at pressures of 4.5, 6 and 8 bara, with the flow of ammonia 
approximately 1 kg per hour. The initial experiments confirmed that higher pressures were very 
effective (Chilton, 1968). 
On the success of these first experiments, the process was scaled up and ammonia flows were now 5 
kg per hour, and pressure 8 bara. This figure of 8 bara did not arise out of optimisation of the 
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process, but rather the maximum pressures in the piping available for construction of the plant 
(Chilton, 1968). 
A further success on the small scale resulted in up-scaling to a pilot plant. The plant ran at 150 kg/hr 
of acid and had an absorber diameter of 45 inches and 35 feet high. By 1928 the development of the 
process had been completed, and a commercial plant was built. The size had gone to 8 units each of 
the scale 375 kg/hr acid. The absorber was now 63 inches in diameter and 40 feet tall, but most 
importantly there was only one. The efficiency of the process had also got to the stage where it was 
about 93% of the theoretical yield (Chilton, 1968). This was far better than the 87% being achieved 
at lower pressures (Landis, 1919). 
At the same time, the DuPont team moved away from using the Parson’s basket type burner. The 
new design was a number of flat gauzes supported by a nichrome wire mesh. Dupont were able to 
increase the loading of the burner considerably, with a 610 mm diameter platinum gauze able to 
burn nearly 7 tonnes of ammonia per day (Chilton, 1968). When compared to the Parson burner, it 
equates to a 45 fold increase in the burner loading. 
Figure 2.1.11 shows the basic flow diagram of the DuPont process. The pilot plant did not have an 
expander to recover the gas compression energy but the commercial process incorporated one. 
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Figure 2.1.11 Simplified flow diagram of a Du Pont process (Chilton, 1968). 
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At about the same time Gaicomo Fauser was attacking the problem differently. Independently from 
the DuPont team he had also built a mono pressure plant operating at 5 bara, with a design 
philosophy very similar to that of the Americans. It worked well, but Fauser realised that there were 
a number of improvements he could make on the mono pressure process: 
1. He could make acid of much higher strength than achievable by the stoichiometry of the 
combustion reaction (Fauser, 1932) 
2. The overall energy efficiency of the plant could be increased. 
3. He could reduce the amount of ammonia wasted at the combustion stage due to reduced 
selectivity at elevated pressure. 
The solution he proposed was atmospheric combustion with absorption at 8 atm. 
To make stronger acid, he took advantage of the fact that NO is oxidised very slowly at lower 
pressures, and was able to condense out the water from the combustion reaction before any acid 
was made. He could then add only part of the water that had been condensed in to the absorber 
hence increasing the acid concentration. 
To increase the energy efficiency he noted that by dropping out the water, the volume required for 
compression was significantly reduced. Burning 11 volume percent ammonia in air would require 17 
percent less compression after the combustor when water was dropped out, versus compression of 
the ammonia air mixture before combustion (Fauser, 1932). 
Both Fauser and the Dupont team had noted that higher pressure combustion has much poorer 
selectivity to NO (Fauser, 1930; Handforth & Kirst, 1933).  The chart below shows Fauser’s own 
experiences with pressure combustion. 
 
Figure 2.1.12 The selectivity versus temperature for combustion at 1 and 4 atmospheres (Fauser, 1930). 
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Figure 2.1.12 above is oft quoted when explaining why at higher pressure combustion the 
temperature of operation is higher. It should be noted that without the conditions of operation - 
namely temperature and flow rate - it is hard to confirm Fauser’s results. Unfortunately this data has 
been regularly reproduced without highlighting this lack of information. Nevertheless, with lower 
pressure combustion Fauser was still able to get a significant increase in the selectivity to NO, which 
reduced the wastage of ammonia in the combustion stage. 
After combustion, the remaining NO, N2 and O2 were then compressed to 8 atm. The NO was 
oxidized to NO2 at a rate that increased rapidly with increased pressure. The NO2 readily absorbed 
into water and resulted in a higher strength acid. Fauser also required the use of a stainless steel 
compression turbine for the nitrous gases, and this expensive machinery was only available once 
stainless steels were readily available. He was able to pump liquid water, rather than compress it as 
steam. This gave very good energy efficiencies in the plant. However a glance at both process flow 
diagrams shows the considerable difference in process integration. The capital cost of building the 
Fauser process was much higher than the Du Pont process. 
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Figure 2.1.13 Simplified flow diagram of a Fauser plant (Fauser, 1928). 
In case of both processes, the increase in pressure was welcomed, and resulted in the virtual 
obsolescence of atmospheric absorption. The savings were simply too great for operators to ignore. 
This decade would result in the last great changes being made to the process, with flow sheets of 
modern plants looking very similar to those of Du Pont and Fauser.  With the development of two 
efficient processes, plant operators began to have a serious choice in which of the two processes to 
build. 
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With respect to the combustion aspect of the process, very little changed. Dupont and Fauser both 
commented on the reduced NO selectivity at pressure, but nevertheless ran the combustion exactly 
the same as the atmospheric case. Burner loading seemingly increased, but so did the operating 
temperatures. 
 
2.1.5  Horses for courses: 1930-1960 
When a chemical manufacturer is looking to purchase a new chemical plant, two factors drive the 
decision; future operating costs and starting capital costs. As with most industrial processes, in all 
nitric acid processes one comes at the expense of the other (Lerolle, 1969). Historically operators in 
the US have preferred lower capital costs, due to an appetite for shorter payout times on capital  
and have accepted the associated increase in operating costs (Newman & Klein, 1972). European 
operators have favoured lower operating costs, mainly due to higher energy costs in Europe, and 
tolerated higher initial investment costs and correspondingly reduced rates of return. 
Since the first processes, there have been dozens of licensed weak acid6
Table 2.1.1
 processes built and 
operated successfully (Honti, 1985).  The majority are as shown in , with those still in 
operation in bold. The cells that are coloured gray have no examples of plants that have been found 
in the literature. The case of low pressure combustion, and high pressure absorption is feasible, but 
seemingly not utilized. This may stem from similar reasons as to why low pressure combustion and 
medium pressure absorption is rarely still used, as it is only suitable for small plants producing higher 
concentration acid (Lerolle, 1969). The remaining cases, those where the combustion pressure is 
higher than that of absorption, are impractical and undesired. 
Surprisingly with the large number of licensed processes available, there are actually very few 
differences between them, with construction details providing the major distinctions (Honti, 1976). 
The majority of the designs originate from the original Dupont, BAMAG or Fauser designs. 
The mono high pressure plants all stem from the DuPont process. The major improvements are 
more process integration, energy recovery, and NOx removal from the tail gases. Chemico, C&I 
Gridler and the Weatherly plants are all of this design, with slight variations. The dual pressure 
plants tend to resemble Fauser’s original process (ECN, 1970). 
 
                                                          
6 Weak acid is typically between 50 and 70 weight percent, below the azeotrope of 68 percent at atmospheric 
pressure. Strong nitric acid is above the azeotrope and usually 98 to 99 weight percent 
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 Combustion pressure (bara) 1 – 2 (low) 3 – 7 (medium) 8 – 14 (high) 
Ab
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n 
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1 – 2 
(low) 
• Ostwald 
• Kaiser 
• Frank-Caro 
• BAMAG 
No plants No plants 
3 – 7 
(medium) 
• Fauser 
• Dutch State Mines 
• Stamicarbon 
• Kuhlmann 
• Societe Belge de L’Azote 
• UHDE 
• Fauser 
• BAMAG 
• Grande Paroisse 
• UHDE 
• Montecatini 
• Pechiney-St Gobain 
No plants 
8 – 14 
(high) No plants 
• UHDE 
• Grande Paroisse 
• Societe Belge de L’Azote 
• GIAP AK-72 
• Du Pont 
• C&I Gridler 
• Chemico 
• Weatherly 
• UHDE 
• GIAP UKL-7 
Table 2.1.1 Licensed weak nitric acid processes. The red names are of the original pressure processes, and bold named 
processes are those still in operation today. 
Producers also required ways to make high concentration nitric acid (CNA). This can be done in two 
ways, either directly in a direct strong nitric acid process (DSN), or indirectly via concentration 
through distillation in the presence of sulphuric acid. The DSN methods include the following: 
• SABAR (Strong Acid By Azeotropic Rectification) was developed in the early 1970s in a 
collaboration between Davy McKee and BAMAG. The process uses atmospheric oxidation in 
air to produce highly concentrated nitric acid 
• CONIA was also developed by Davy McKee makes acid at two different concentrations 
simultaneously 
• HYCON, developed by the Chemical Construction Corp (Chemico) in 1968. 
• HOKO was developed in early 1930s by BAMAG and Piesteritz. The process involved 
combustion of ammonia in a steam ballast, with pure oxygen. It was effectively the Fauser 
process in every other regard. An in-depth description is given later. 
The processes, with the exception of HOKO, resemble the normal dual pressure weak nitric acid 
plant, but typically remove water after combustion to give a more concentrated product. The HOKO 
process will be discussed in more detail later, and is the most distinctive of all the DSN processes. 
After redesigning the process, virtually any changes in licensed processes had been made shortly 
after DuPont and Fauser had invented theirs. It can essentially be said that this period was less about 
inventiveness on a large scale, but rather small scale refinement of a process, and selection of 
different equipment for use in the process. This is also the period when the conditions for the 
process where set.  Much of the current misunderstanding around whether operating conditions in 
the combustor are set for optimisation of the combustion stems from this era of development. 
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2.1.6 Every little bit counts: 1960-present 
Once producers had reaped the rewards of stepwise improvements to the process, the only gains 
still left for them were more marginal ones. However for a bulk commodity, innovation to create 
small percentage savings in production can result in huge profits on the large scale. The majority of 
these improvements have been made in the combustion stage of the process, as the two highest 
operational costs of manufacture arise at this section of the process. Approximately 90% of the cost 
of producing nitric acid lies in the cost of ammonia (Pickwell, 1981); a small increase in the NO 
selectivity in combustion reduces the waste of ammonia. It has been estimated that a 1% increase in 
the NO selectivity equates to a €500,000 per year gain in profit on a 1000 tonnes 100% HNO3 per day 
plant (Pérez-Ramírez, Kapteijn, Schöffel, & Moulijn, 2003). Second to ammonia feed stock, the 
greatest cost is the cost of platinum loss (H. C. Lee, Farrauto, & Hatfield, 1986). Recovery of this lost 
platinum gives the manufacturer gains in terms of reduced cost of production, and recovery has 
become particularly important. 
During this last period of development the environmental impact of the manufacturing process has 
been thrust into the public eye. In the 1970s NOx emissions were targeted due to increased 
awareness of its role in causing acid rain, and poor air quality in the vicinity of the plant. With the 
more recent consciousness of the effect greenhouse gases are having on the global climate, the 
removal of N2O from the exhaust gases of the process has become very important. Nitrous gas is an 
very potent green house gas, 310 times more so than Carbon dioxide (H. C. Lee et al., 1986). One of 
the greatest sources of industrial produced N2O is the nitric acid industry, with 280-370 ktonnes 
produced annually. It has been estimated that if Germany, the UK and the Netherlands managed to 
cut all their N2O emissions produced by nitric acid manufacture they would be able to fulfil their 
Kyoto Protocol commitments (Pérez-Ramírez et al., 2003). 
 
2.1.6.1 The price of platinum 
The cost of platinum loss in producing nitric acid varies heavily with the type of process that is being 
operated, and it has been estimated to be the second greatest operating cost after the ammonia 
feedstock (H. C. Lee & Farrauto, 1989). A higher pressure process, running at a temperature of 950°C 
can expect to lose up to 0.4 g Pt per tonne of 100% nitric acid, but figures of 0.05 to 0.1 g Pt per 
tonne are more common (Connor, 1967). 
Figure 2.1.14 shows the change in cost of platinum per gram over the past century in 2007 USD. 
There have been a number of price shocks in the past century which have each driven catalyst 
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research. This research has focused on reduction in the quantity of catalyst installed, reduction in 
the rate of catalyst loss, or catalyst replacement by materials much cheaper than platinum. 
 
Figure 2.1.14 Chart showing the inflation adjusted, yearly average prices of platinum, referenced to 2007 US dollars. 
Data collected for this thesis, and is given in the Table A.1.5. 
The first of these price bubbles began shortly after 1910. At this time, Ostwald’s plants required 1.8 
grams of platinum to oxidise one kilogram of ammonia per day (Mittasch, 1953). As people began to 
introduce gauzes to improve the efficiency of combustion – reducing the wastage of expensive 
ammonia – they came across a very attractive additional benefit. With an electrically heated single 
layer of gauze, 0.14 grams of platinum could burn one kilogram of ammonia per day (Perley, 1920). 
This was over a tenfold reduction in the inventory of platinum required in a burner, and by 1916 
with the price of platinum quadrupling, was an improvement welcomed by nitric acid producers. It 
should be noted that the mass of platinum to burn a kilogram of ammonia per day has not changed 
much since then, with a modern plant requiring about 0.25 grams (Connor, 1967). 
By the 1920s the price of platinum had not deflated, and producers started to look at ways to reduce 
the rate of platinum losses. Dupont did so by alloying the platinum with other metals. Handforth and 
Tilley, who had also been working on developing the first pressure process, discovered that the 
addition of rhodium was beneficial both in reducing the platinum losses, and in increasing selectivity 
to NO, while also improving mechanical strength (Handforth & Tilley, 1934). Figure 2.1.15 shows the 
effect of increased rhodium on the selectivity, and Figure 2.1.16 the rate of platinum loss. Both 
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charts are used to show the benefits of the addition of rhodium on reduction of platinum losses, and 
the normal alloy used for combustion today contains five percent rhodium. However it should be 
noted that the data in the charts below are not obtained under standardised conditions as stated in 
the original text. Looking at the data presented in the text the flow rate, temperature, and type of 
burner used are very different in each case. The conversion efficiency for given rhodium 
concentrations appears not to have been confirmed, or even scrutinised, by other authors since the 
original publication. Here it is noted that the selectivity over pure platinum of 91.5% at 800°C in 
Figure 2.1.15 is rather  low compared with other studies done with pure platinum at the same 
temperature, and may be related to other factors effecting the real conversion efficiency. 
 
Figure 2.1.15 The increase in conversion efficiency with increased rhodium concentration (Handforth & Tilley, 1934). 
 
Figure 2.1.16 The reduction in catalyst lost due to addition of rhodium (Handforth & Tilley, 1934). 
From the 1930s till the mid 1960s the price of platinum remained fairly constant. However at the 
end of the 1960s the price had increased by a factor of nearly two and a half. Over the next decade 
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mandatory catalytic converters for automobiles also pushed up the cost of platinum, as exhaust 
catalysts use both platinum and rhodium. 
There were two very different responses to the new platinum price bubble, in comparison to the  
1910-30 bubble. The first was the introduction of catchment gauzes, where the loss of platinum 
from the gauze was considered inevitable, but the subsequent catchment of the volatile platinum 
was made economical. Catchment gauzes were first developed by Degussa in Germany. Originally 
people had used ceramic filters, but development of precious metal gauzes placed downstream of 
the active gauze pact had much better results. These “getter gauzes” were far superior in terms of 
recovering the platinum and did so at a considerably lower pressure drop penalty. The gauzes acted 
to catch volatile platinum oxide, without themselves being oxidised or otherwise reacting with the 
combustion gases. The metals selected were either gold or palladium, or a binary mixture of the 
two. A 20% gold palladium alloy was chosen for initial tests, and recovered 23% of the lost platinum 
per gauze (Holzmann, 1968). This technique was then taken up for use on nearly all higher pressure 
converters. The large losses at the correspondingly higher temperatures made it economical to 
capture the platinum from the catchment gauzes when they were removed as they contained much 
more platinum than at lower temperatures (Honti, 1976). 
The catalyst manufacture Engelhard had a secondary solution to platinum loss, which could be 
combined with the getter gauzes. Gillespie noted that the layers of gauze furthest downstream of 
the pack did not seemed to have any evidence of reaction taking place on them, as there were no 
signs of cauliflower growths (Gillespie, 1972). From this he concluded that the reaction was only 
occurring on the first gauzes, and so one could remove the redundant gauzes. However with the 
screens removed, the selectivity dropped from 95 to 85-90 percent, and ammonia breakthrough was 
detected.  Gilespie deduced that the remaining pads aided in the combustion, without acting as the 
catalyst themselves. These extra gauze layers increase the pressure drop, and ensure that the flow is 
distributed more evenly across the burner. By adding a cheaper material like nichrome one could get 
better conversion, but with a lower mass of platinum in the reactor, and hence the platinum losses 
would be reduced. Figure 2.1.17 shows the setup proposed by Gillespie, where this pressure drop 
device is referred to as a “Random pack”. A getter gauze, of the same type as Degussa is also shown 
in Figure 2.1.17. 
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Figure 2.1.17 Illustration of the addition of the Random pack (Gillespie, 1972). 
Around this time, a method similar to Engelhard’s was being employed in the USSR to reduce the 
cost of the platinum catalyst loss. It was developed by the State Institute for the Nitrogen Industry 
(GIAP) with the goal of reducing the total platinum losses by reducing the amount of platinum in the 
reactor (Zasorin, Cherkashin, & Atroshchenko, 1969). This was achieved by having a first stage of 
platinum gauze, and a second of a metal oxide catalyst pellets. In doing so the mass of platinum was 
reduced by up to 66 per cent. The Fe2O3 pellets were 5 x 5mm, with a bulk density of 1300 to 1700 
kg.m-3 (Chernyshov & Kisil, 1993). Metal oxide catalyst had been known to be good at oxidising 
ammonia from the early days, but never as effective as platinum (Zasorin et al., 1969). However the 
GIAP reactors managed to operate two stage plants with no loss in nitric oxide yield, and more 
importantly with reduction of irrecoverable platinum losses by 25 to 30 per cent (Chernyshov & Kisil, 
1993).  The method is still in use today, but only in the former USSR for the two domestically 
designed processes, UKL-7 and AK-72. From the mid nineties, to reduce the pressure drop in the 
second stage and give better flow through the convertor, the pellets were replaced by a monolith. 
The monoliths are made into blocks up to 80mm in cross section and 55 mm long (Sutormina et al., 
2009). 
Since 2000 there has been a third increase in the price of platinum due to market speculation as 
platinum bullion has become an investment product. This third rise in price of catalyst, coupled with 
requirement of N2O abatement technology, has led to a renewed interest in metal oxide catalyst for 
combustion. These alternatives will be covered later in this review. 
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2.1.6.2 Tweaking the platinum gauze catalyst 
In the early 1990’s Johnson Matthey introduced knitted gauzes, the first change to the platinum 
catalyst in over sixty years. A researcher there, Brian Horner, realised that knitting gauze as opposed 
to weaving it would reduce the precious metal inventory in the weaving stage, and also significantly 
reduce the time to manufacture platinum gauze. Setting up a loom for weaving requires 50 to 100 kg 
of precious metal wire, in comparison a knitting machine only requires 5 kg (Horner, 1993). However 
the nitric acid industry was, and still, is a remarkably conservative industry and uptake by nitric acid 
manufacturers was not guaranteed. The new knitted catalyst was trialled first on a test rig at 
Johnson Matthey, and then at atmospheric pressure on a 160 tonne per day plant. In the test rig 
trials, knitted gauze apparently increased the conversion efficiency by 4 percent (Horner, 1991). 
However the improvement is more likely to do with the conditions that were run, as these large 
increases in selectivity have not been reported by others commercially, which is not surprising since 
total losses in large-scale commercial plant were already less than 4%. There have been no academic 
studies to prove the increase in combustion efficiency. The success of these trials prompted an 
almost universal uptake of the knitted form of catalyst, with every large catalyst manufacture 
switching the method of production. Knitted gauze now accounts for over 90% of the total platinum 
gauze market (Pérez-Ramírez et al., 2003). Figure 2.1.18 shows the difference between a knitted 
(left) and woven gauze (right). 
 
Figure 2.1.18 A knitted gauze (left) and a woven gauze (right), after a 75 day campaign at atmospheric pressure. 
Scanning electron microscope images at x100 magnification. (Horner, 1991). 
With a large number of different types of knit possible, manufacturers have designed a whole range 
of knitted gauzes. The most interesting ones have been designed such that separations between 
layers have been built into the structure of the pack, with different wire diameters, and their own 
structural support. An example of this manufactured by Umicore is shown in Figure 2.1.19 (left). 
Corrugated packs have also been introduced to higher pressure plants, and a picture of one is shown 
in Figure 2.1.19 (right). The benefit is claimed to be that the surface area is increased, and the 
conversion efficiency is increased along with a lower pressure drop. 
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Figure 2.1.19 A cross section of multilayer gauze, shown on the left (photo credit Umicore), and a corrugated gauze pack 
shown on the right (photo credit Johnson Matthey). 
Pack tailoring has also been a recent addition to the services offered to the nitric acid manufacturer 
by catalyst manufacturers. Computational fluid dynamics and other proprietary computer models 
are applied to the burner, as can been seen in Figure 2.1.20. The gauze pack is then designed 
specifically for the needs of the customer and the burner that they own (Jantzen & Neumann, 2006). 
The result has been that some of the catchment gauzes have been placed in the middle of the pack 
to recover platinum, and then to act as catalyst themselves. The separation between gauzes has 
been changed to give modified mixing within the gauze pack. 
As yet there is no scientific explanation as to why or if these developments give any chemical benefit 
in the combustion stage. 
 
Figure 2.1.20 The temperature distribution in the catalyst gauze pack, as computed by Computational Fluid Dynamics 
(Jantzen & Neumann, 2006) 
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2.1.6.3 Abatement of pollutant gases 
The reduction of NOx tail gas from the outlet of the absorber is required in virtually all countries 
where nitric acid is made. The method has not changed from the 1970s, and has been integrated 
into the process. The first form of tail gas abatement can be achieved by better absorption in the 
absorber. This is carried out by either installing a larger oxidation and absorption volume on to the 
top of the absorber, or by cooling the last stages of the absorber. The addition of oxidation space is 
much less effective than cooling the last stages (Thiemann et al., 2000). The second stage of 
abatement is by catalytic decomposition. The tail gas from the absorber is preheated, and mixed 
with a fuel. The preheat temperature required is dependent on the fuel. If hydrogen is used, a 
minimum temperature of 200°C is required, 350°C for LPG, and 480°C for natural gas (Searles, 1973). 
This gas mixture is then passed over a catalyst in either pellet or honeycomb of platinised alumina, 
where the NOx is heterogeneously decomposed on the catalyst (Reed & Harvin, 1972).  The hot 
gases are then passed through the expansion turbine powering the air compressor, and then vented 
to the atmosphere. Neither of these types of abatement has any effect on the combustion of 
ammonia in the process. 
The requirement for N2O abatement is a much more recent issue for producers. Nitric acid 
producers have typically taken measures where there is a price on greenhouse-gas emissions 
imposed by a government:  due to the high potency of nitrous oxide, the costs can be considerable if 
left unabated (Pérez-Ramírez et al., 2003).  Abatement is divided into three different types - primary, 
secondary and tertiary. Tertiary abatement is carried out at the same location as the NOx abatement. 
It does not affect the combustion of ammonia and will be omitted from this review. 
Primary abatement is where the quantity of N2O produced on the gauze is reduced in the first 
instance. Catalyst manufactures have claimed to achieve results with knitted gauzes although these 
claims have not been independently substantiated. The only effective way of achieving primary 
abatement on platinum, is a full understanding of the mechanism by which nitrous oxide is made, 
and establishing a method to inhibit that mechanistic step. As yet that has not been accomplished 
industrially. The only effective method of primary abatement has been achieved by use of metal 
oxide catalyst as the oxidation catalyst. This has been shown to produce much less N2O, but comes 
at the detriment of reduced NO selectivity also. The mechanism by which reduced N2O is produced 
on metal oxide catalyst is not understood. 
Secondary abatement is the decomposition of N2O immediately after combustion, while the 
combustion gases are still hot. Secondary abatement can either be done homogeneously, or by use 
of a second heterogeneous abatement catalyst. Homogeneous abatement was developed by Yara, 
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one of the world largest nitric acid producers. By simply increasing the residence time of the hot 
combustion gases by two seconds before cooling in a heat recovery exchanger, over 95 percent of 
the N2O could be decomposed homogenously (Kongshaug, Hjørnevik, Fareid, & Nirisen, 1990). In 
practice this may be harder to achieve in a high pressure plant, as the gas velocities are so high the 
space required for increased residence times becomes huge. At temperature greater than 950°C the 
materials used to build that space become expensive also. 
Heterogeneous secondary abatement uses a bespoke catalyst to decompose N2O, but leaves NO 
unchanged. The catalyst must be able to deal with high temperatures, but also corrosive conditions 
for long periods of time (Kopperud, 2006). The majority of these catalysts are made from metal 
oxides of cobalt, copper, aluminium and iron, and come in the form of monolith or pellets depending 
on the supplier of the catalyst. 
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2.2 Combustion in different ballast media 
Conventionally, ammonia is burnt in air, and so nitrogen forms the balance of the ammonia and the 
oxygen involved in the combustion reaction. Since the mid 1920s people have considered media 
other than nitrogen as the ballast in ammonia combustion. The most successful and lasting of these 
alternative ballasts is steam, but other gases have also been suggested for their ability to moderate 
temperature, and reduce the risk of an explosive mixture being formed. 
 
2.2.1 Steam ballast 
There are two processes that utilize ammonia combustion in a steam and oxygen environment. 
Chronologically, the first was a process to make high concentration nitric acid, known as the HOKO 
process. The second, and still in existence, is a stage in the manufacture of caprolactam. Known as 
the BASF process, it is used as a method to make pure NO as a precursor for the production of 
hydroxylamine. In both cases the steam is used to reduce the temperature rise of reaction on the 
catalyst, and to ensure that operation is not in the explosive regime. 
The majority of insight outside of private enterprise has been from academics in the USSR, and 
hence the only available academic literature is in Russian journals. The work was carried out 
primarily by one group at the V.I. Lenin Khar’kov Polytechnic Institute, under the guidance of Vasiliĭ 
Atroshchenko. The work done by the group was focused primarily on the change in the kinetics by 
the addition of water, the effects of increased pressure in steam ballast, and how the process could 
be more economical by use of mixed catalyst burners. 
The effect of water on the selectivity of ammonia to NO in percent (α) was examined by comparison 
with combustion in air and steam as a function of oxygen to ammonia concentration and is shown in 
Figure 2.2.1.  The effect of water appeared to increase the contact time and require a higher 
temperature for optimal NO production (Zasorin, Atroshchenko, & Cherkashin, 1968). The authors 
hypothesized that this effect was due to the blocking of active sites by adsorption of water on the 
surface (Atroshchenko, Cherkashin, Ushakov, & Ticks, 1978; Zasorin et al., 1968). Tkachuk examined 
this effect in greater detail with work looking into desorption of ammonia, oxygen and water from a 
platinum surface (Tkachuk, Cherkashin, & Atroshchenko, 1987). From all of these studies it was 
noted that steam ballast maintained a good selectivity to NO even at low oxygen to ammonia ratios. 
This could be utilized for the manufacture of pure NO, without the need to add more oxygen than 
required to further oxidize to NO2 or nitric acid.  Figure 2.2.1 shows this effect in a comparison with 
combustion in air, with all other variables being kept equal. The water ballast appears to be poorer 
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than air at higher oxygen to ammonia concentrations, but is far superior in NO yield when 
approaching the stoichiometric ratio of 1.25 required for formation of NO. 
 
Figure 2.2.1 The effect of oxygen to ammonia concentration on the selectivity of nitric oxide (α) over a platinum catalyst 
for air ballast (1) and for steam ballast (2) (Tkachuk et al., 1987). 
 
2.2.1.1 The HOKO process 
The HOKO process is also known as the BAMAG-Meguin process. It was developed in a partnership 
between BAMAG and Piesteritz in the late 1920s and several plants were built in the early 1930s.  
Able to produce highly concentrated nitric acid, without the need to distil a weaker nitric acid in the 
presence of sulphuric acid, the process was of interest to a number of manufacturers. Several plants 
were built in Germany, two in the UK (Manning, 1942), and none in the US (Chilton, 1968). It appears 
that the last of these plants was operating until the 1970s. The exact reason for the process’ 
extinction is not clear, but it is clear that a number of factors resulted in its demise. Figure 2.2.2 
shows a schematic of the burner used for steam ballast combustion, and a simplified version of the 
HOKO process flow diagram is shown in Figure 2.2.3. 
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Figure 2.2.2 Diagram of the burner installed at Piesteritz, for ammonia combustion in steam ballast (Wendlandt, 1949). 
Ammonia and oxygen in the ratio 1 to 1.85 are mixed with 65% by volume steam, fed in to the 
bottom of the burner, through a series of mixers. This mixture is passed through a layer of water, 
held in place by a screen plate. This water layer acts as a flame arrestor preventing propagation of 
the flame back to the ammonia oxygen source. Combustion occurs on platinum rhodium gauze at 
atmospheric pressure and at 850°C (Wendlandt, 1949). 
Concentration of the reactants has been carefully managed to give the best outcome for the 
combustion and the rest of the process. The choice of oxygen to ammonia ratio of 1.85:1 is finely 
balanced. On the one hand it allows the ammonia to be oxidized to NO and partially to NO2 but not 
further to nitric acid. On the other it means that there is sufficient oxygen to get a good selectivity to 
NO, and not produce nitrogen (Manning, 1942). The steam concentration is chosen to give the 
maximum throughput of ammonia, but a suitable gauze temperature so the loss of platinum can be 
contained. 
After the ammonia has been combusted, the NO, steam, remaining oxygen, and small amounts of N2 
and N2O are passed through to a crash condenser. The majority of the water is dropped out, and 
contains 1.5 – 2% acid. The concentration of this acid is very weak for two reasons. The first is due to 
the lack of oxygen in the system, as a ratio of 2:1 is required to oxidize the ammonia fully to nitric 
acid. The second is that the low pressure inhibits the reaction from NO to NO2 (Chilton, 1968). 
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Figure 2.2.3 BAMAG HOKO process flow diagram (Manning, 1942; Miles, 1961) 
Following the crash condenser, additional oxygen is added, and the process passes through a gas 
cooler with the remaining NO being oxidized to NO2. This happens quickly due to the high partial 
pressure of oxygen. At the end of this stage, acid of concentration of 50% is removed. 
After an addition stage of oxidation, the mixture is sent through another cooler. Acid of strength 
70% is extracted at this point. The process progresses to a N2O4 liquefying cylinder, from which the 
N2O4 is sent to an autoclave.  The N2O4 and the mixture of 50 and 70% acid remain in the autoclave 
for 4 hours. The acid leaves the autoclave at 98% concentration. 
As previously mentioned the HOKO process in this form fell into demise in the 1960s, with two 
economic factors seemingly leading to this. Firstly the plant produced two waste streams which 
could not always be utilised. The process produces weakly acidic water as a waste by-product. There 
is no market for this acid water, and as such would be costly to treat. Additionally a large quantity of 
steam is produced due to the vast heat release from the ammonia combustion. As this steam cannot 
be utilized within the process, as it would be in a pressure absorption process, it is largely wasted. To 
increase the cost effectiveness, HOKO plants were usually located near a conventional weak nitric 
acid plant where the steam, and the very weak acid could be utilized in the process. However 
integration is not always practical or cost effective. 
Secondly plants proved to be every expensive to build when compared to other methods of 
producing concentrated nitric acid. The reason for this is the cost of building the oxygen plant as part 
of the nitric acid plant. These plants only became viable when located next to a cheap source of 
oxygen, which had often been the case in the 1930’s. The Fauser ammonia process used hydrogen 
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produced by electrolysis of water, which left large quantities of pure oxygen with no use on the 
plant. 
 
2.2.1.2 The BASF process 
The BASF process, and the nearly identical CAPROPOL or Inventa process, differs from all other 
caprolatam processes due to the fact that NO required for the process is produced by combustion in 
steam and oxygen rather than air. The NO in the process is required to produce hydroxylamine. 
In the process ammonia, oxygen and steam are passed over a platinum catalyst. The ratio of oxygen 
to ammonia is kept at approximately 1.35. This is sufficient to produce NO, and a small quantity of 
NO2, but most importantly no nitric acid. Hydrogen is added after combustion to reduce the NO2 
back to NO, increasing the purity of the NO stream, and reducing the oxygen. 
The advantage of using steam and oxygen in the combustion stage is that in the product recovery 
stage, the gaseous product is pure NO, and the higher oxides of nitrogen are dropped out with the 
steam. No extra equipment is needed as would be the case for ammonia combustion in air, where 
NO is removed from the combustion gases with difficulty. The additional cost of using oxygen in the 
combustion stage is negated by a halving of the capital costs (Gunardson, 1998). 
In terms of the operational cost, the use of oxygen is less than 1% of the total cost of manufacturing 
the caprolatam, and process selection is not based on the cost of oxygen, as appears to the case in 
the HOKO process (Gunardson, 1998). 
In the instances where steam ballast has been used, it has reduced the capital costs. However the 
high operational cost associated with oxygen usage seem to be a major drawback. In terms of the 
understanding of the effect of water ballast on the combustion there is a huge knowledge gap. 
 
2.2.2 NO, O2 and CO2 ballast 
As mentioned previously, the rate limiting reaction in the absorption side is the oxidation of NO to 
NO2, a rate which is highly dependent on the partial pressures of oxygen and nitric oxide 7
                                                          
7 𝑟 = 𝑘𝑝𝑁𝑂2 𝑝𝑂2 
. Fauser 
and Du Pont increased the rate by increasing the total pressure, and hence reduced the size of the 
absorption and oxidizer equipment. The improvement comes with the penalty of requiring a 
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compressor, which not only has a considerable energy requirement, but a large capital cost. 
Examining the rate equation, increasing the total pressure is not the only way to increase the rate. 
The more subtle and more technically difficult method is by increasing the concentration of NO after 
combustion. This can be achieved by having a NO ballast, where the NO replaces the nitrogen in 
conventional combustion. After the combustion stage the majority of the NO is returned to the 
burner, with a minority being removed at the same mass flow as ammonia and oxygen are being 
feed in to the system. Thus a nearly pure NO stream can be achieved, resulting in the rate of 
oxidation being increased in the oxidizer and absorber8
The first process using nitric oxide ballast dates from 1928. Linjenroth suggested using oxygen rather 
than air to oxidize the ammonia required to make acid (Linjenroth, 1928). This process was never 
realized by Linjenroth, and the idea was abandoned for nearly 70 years when was taken on by Dutch 
State Mines. 
. The recycle is required to moderate the 
temperature. 
The next solution was by Zasorin and Atroshchenko in 1967. Instead of recycling the NO to increase 
its concentration, they proposed to burn an increased amount of ammonia in oxygen (Zasorin & 
Atroshchenko, 1967). However increasing the concentration of ammonia in the reactants has limits, 
firstly the risk of forming an explosive mixture, and secondly the temperature rise in the catalyst 
would be too high for good selectivity and low catalyst lost. The solution is to burn the ammonia in 
two stages. Firstly ammonia at 11-12% by volume in oxygen is passed over a platinum catalyst. Heat 
is recovered, and ammonia is added to the product gases before they are passed over a second 
stage. 25% NO is formed, with the balance being oxygen, water and nitrogen. The issue highlighted 
by the authors, and presumably why it was never commercialized, is that the reaction of the 
ammonia with NO2 forms nitrogen. However, the authors attributed their low selectivity to the lack 
of optimization of the process. 
Another process to make caprolactam is the Dutch State Mines’ HPO process. In the 1980s after 
losing a contract to build a caprolactam plant in Mexico to BASF, the research department at the 
Dutch State Mines began to think of an improvement to their own process. It was hoped that this 
process would reduce both the feedstock use, and the energy usage (van Rooij, 2007). The changes 
resulted in the HPNO process, which used NO ballast as opposed to a steam ballast to produce pure 
NO in the BASF process. The advantage of this NO ballast was a huge reduction in the steam 
                                                          
8 For air combustion the composition of the gases in the oxidizer would be 10 percent NO and 7.5 percent O2. 
For the NO ballast case the ratio would be 57 percent NO and 43 percent O2, the stoichiometric ratio to make 
acid. This would result in a 187 times increase in the rate in comparison to the air case. In air combustion at 1 
bara this is the equivalent to raising the pressure to 5.7 bara.  
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required compared to the BASF process, however the process was also abandoned, because of other 
improvements to the original HPO process.  It is the same method proposed by Linjenroth, however 
the subtlety is that the oxygen to ammonia ratio is much lower as the requirement is to make NO, 
not nitric acid.  The results shown in the HPNO patent do not attest to large selectivies for either the 
N2 or N2O. When compared with steam ballast, there is a 3 percent increase for the N2 from 2 
percent, and 2 percent for the N2O from 1 percent (Clement, Maessen, & Greving, 1986). The 
resultant NO selectivity, which was above 90 percent, is reasonable for the low oxygen to ammonia 
ratio the NO ballast was tested at. There is still uncertainty as to whether NO ballast could be 
economically feasible on the large scale, and there is no other data on the effect of the ballast on N2 
and N2O selectivity to confirm these results. 
In the early 1970’s, researchers began looking more seriously at NOx abatement in nitric acid 
manufacturing. A novel solution was to burn in oxygen ballast with a recycle was used in the HPNO 
process. However rather than recycle the combustion gases, the tail gas of the absorber was used 
instead (Powell, 1973). The tail gas contained nitrogen from combustion, residual oxygen which had 
not been used in combustion or further oxidation to HNO3, and impurities from producing the 
oxygen. Most importantly it also contained the NOx gases which had not been absorbed, and would 
otherwise be vented. Thus the NOx in the tail gas would either be decomposed by the ammonia, or 
adsorbed to make more acid. Emissions would therefore be reduced, as only a small amount of the 
tail gas would be vented. It appears that no plant of this type was ever built, and the catalytic 
decomposition of NOx seems to be used instead, presumable due to the expense of using oxygen. 
A decade later the tail gas recycle process was developed further. In this updated process, ammonia, 
oxygen and carbon dioxide were passed through the burner. Additionally a recycle from the tail gas 
of the absorber was also added, as was done in the Powel method. The CO2 could be cheaply 
sourced from an ammonia plant which is often on the same site. The benefit of CO2 addition, above 
a simpler tail gas recycle, is that the size of the burner and absorber can both be reduced (Moseley, 
1985).  Combustion with a tail gas recycle increases the volumetric flow into the absorber by 20 
percent when compared to a normal once through process. Using CO2 ballast the flow going into the 
absorber would be 21 percent lower than for air combustion with no recycle9
                                                          
9 This for the case when maintaining the same burner inlet temperature (250°C), gauze temperature (937°C) 
and plant capacity (910 tonnes per day 100% HNO3) in all three processes. The high heat capacity of carbon 
dioxide – which makes up 45 volume percent of the burner inlet flow - means that the concentration of 
ammonia can be increased in the feed, thus giving a reduction in the volumetric flow for a given plant capacity. 
For the simple oxygen ballast recycle the low heat capacity of argon – 44 percent of the flow into the burner – 
means the ammonia concentration must be reduced to maintain the gauze temperature.  
. This effect gives a 
sizable change in the volumetric flow rate, and results in a reduction in the capital costs. However 
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the saving would be dwarfed by the additional cost of an oxygen plant, and it presumably why this 
process and others with oxygen ballast has never been realised. 
Lastly, we note a novel method to produce high concentration NO (Cherkashin, Kharitonova, 
Samoylenko, & Leshin, 1991). The idea was to combust in a high concentration of ammonia (range 
30-45%) in oxygen ballast, in order to get pure NO without any removal of ballast media, or need to 
recycle NO. The plan was to add all the ammonia at the start, rather than stage-wise, and would 
hence be operating in the flammable regime. To overcome the issues of running in the flammable 
limit, combustion was carried out in small tubes at very high velocities above that of the flame 
speed. The catalyst was platinum gauze of cylindrical shape placed inside the tube. The authors 
report very high selectivity to NO (α) up to 35% ammonia concentrations in oxygen, but rapidly 
declining after that. This can be seen in Figure 2.2.4. Temperatures were kept to a maximum of 
900°C. There are no indications as to why this did not take off as technology, even though they 
managed to get very impressive results. For comparison, selectivies of 96-97% are common industry 
best practice for ammonia burners. 
 
Figure 2.2.4 The conversion of ammonia to nitric oxide (α) in an oxygen ballast, shown as a function of oxygen to 
ammonia ratio (Cherkashin et al., 1991). 
NO and oxygen ballast appears to be somewhat infeasible for industrial production, most likely for 
the same reasons as steam ballast. However this subsection shows that researchers have been far 
more adventurous than they currently are. However it is apparent that there is a lack of 
understanding not only of the combustion in different ballasts, but also of how combustion in any 
type of ballast fits into the reaction engineering of the entire process. A greater understanding of the 
combustion system could potentially lead to great advances in the process as a whole. 
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2.3 Modelling reactions inside an ammonia oxidiser 
2.3.1 Mass transfer models 
Above 600°C, the oxidation of ammonia on platinum gauze is said to be mass transfer limited. That is 
to say that the reaction rate is controlled by the rate of mass transfer of reactants to and from the 
gauze surface, and not by the reactions that occur on the platinum. Andrussow was the first to note 
that the oxidation of ammonia was a mass transfer limited reaction at industrial conditions 
(Andrussow, 1927, 1951) with the realisation that in fine capillaries the reaction was dependent on 
diffusion of ammonia to the platinum surface. Even with evidence of the reaction being mass 
transfer limited, other researchers were still working on the chemical kinetics under these conditions 
(Dixon & Longfield, 1960). Only in the late 1940s did researchers take on the importance of this mass 
transfer limit to the reaction chemistry (Apel'baum & Temkin, 1948; Oele, 1958). It appears even 
now that while researchers have not forgotten that the mass transfer limitation exists, they have 
forgotten its importance in determining the reaction conditions. Without an understanding of the 
underlying mass transfer rates it is impossible to determine the reaction kinetics of ammonia 
combustion under industrial conditions. A large number of studies have been carried out into 
developing mass transfer correlations, for various different purposes. 
Four different experimental techniques have been used to give correlations for the mass transfer 
coefficient, and studies have been carried out in both the gas and liquid phase. The majority of gas 
phase studies have been using catalytic combustion or decomposition reactions on metallic gauze 
(Ahlström-Silversand & Odenbrand, 1999; Satterfield & Cortez, 1970; Shah, 1970). For these 
experiments to give accurate data, the chosen reactions on the catalyst must be fast, and the mass 
transfer limitation must be proven. All three of these studies are able to show this to be true. The 
demonstration of the mass transfer limitation is achieved by showing that the reaction is insensitive 
to temperature, but heavily flow rate dependent (Shah & Roberts, 1975). Studies using this 
technique have given very consistent results, not only with other studies, but also with data taken 
from papers with mass transfer limit reactions such as ammonia oxidation (Apel'baum & Temkin, 
1948; Dixon & Longfield, 1960). These studies also showed that the number of gauzes did not seem 
to effect the mass transfer coefficient (Satterfield & Cortez, 1970; Shah & Roberts, 1975), nor did the 
separation between the gauzes (Dixon & Longfield, 1960). The only other method utilised for gas 
phase mass transfer was by using mercury evaporation from the surface of the gauze (Gay & 
Maughan, 1963). These experiments gave correlations that, while at low flows agreeing with other 
authors, deviated heavily at higher flow rates. It has been suggested that this could be due localised 
depletion at higher mass transfer rates (Shah & Roberts, 1975). 
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Three studies have utilised the Chilton-Coburn heat mass transfer analogy (Kołodziej & Łojewska, 
2009; London, Mitchell, & Sutherland, 1960; Tong & London, 1957), where the experiments were 
carried out using heat transfer methods, but to give mass transfer data. The first two were not 
steady state experiments, but rather examined the rate at which the gauze would cool after being 
heated. The results from these experiments do not agree very well with other work, and it has been 
suggested that axial conduction may account for this discrepancy. When axial conduction is 
accounted for, and the correct compensation is made, good agreement with other data can be 
obtained (Satterfield & Cortez, 1970). The most recent study of heat and mass transfer in gauzes 
utilised electrical heating of the gauze, and temperature measurement downstream (Kołodziej & 
Łojewska, 2009). It is also the only study to examine the difference between woven and knitted 
gauzes. However the agreement between the results of this work and all the other data is poor, and 
there is no obvious explanation for why this might be, so the quality of the data cannot be validated. 
Liquid phase studies have all been carried out using an electrode method (Cano & Böhm, 1977; 
Mobarak, Abdo, Hassan, & Sedahmed, 2000; Sioda, 1977; Storck, Robertson, & Ibl, 1979; Vogtländer 
& Bakker, 1963). The gauze typically forms the cathode upon which ferricyanide ions are reduced. 
The resulting electric current gives the rate of reduction on the gauze, and hence the mass transfer 
of ions to the surface. The results from these studies have good agreement with the gas phase 
experiments, and the choice of a one third exponent on the Schmidt number seems to be 
appropriate (Shah, 1970). 
There are two types of flow model that have been employed by studies to correlate the Reynolds 
number with a Chilton-Colburn j factor. The first, suggested by Coppage and London, was porous 
bed model, in which the mass transfer in the gauze is assumed similar to that of a packed bed 
(London et al., 1960). The characteristic length is therefore chosen to be the hydraulic diameter, and 
is defined as: 
 𝐷ℎ = 4. 𝜀𝑎  2.3.1 
where 𝐷ℎ is the hydraulic diameter,  𝜀 is the volume void fraction for one gauze, and 𝑎 is the surface 
area per unit volume of gauze. The characteristic velocity is the interstitial velocity, and hence the 
Reynolds number can be defined in terms of 𝐺 the superficial mass flux, and 𝜇 the viscosity: 
 𝑅𝑒𝐻 = 𝐷ℎ.𝐺𝜇. 𝜀 = 4.𝐺𝜇.𝑎 2.3.2 
Both Satterfield and Shah suggested a model based on mass transfer to an infinite cylinder. In this 
model the mechanism for mass transfer is considered to be the same as for flow perpendicular to an 
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infinite cylinder, where the characteristic length is the wire diameter. However the approach differs 
from the infinite wire case, in that the velocity of the flow is the interstitial velocity, rather than the 
superficial velocity. A very open gauze, one with a volume void fraction of close to one, would have a 
mass transfer very similar to that of a wire on its own (Satterfield & Cortez, 1970). However a less 
open gauze would have a much higher velocity over the wires, and hence an interstitial rather than 
superficial velocity is required to describe the flow. The interstitial velocity can be defined in two 
ways, as the superficial volumetric flow divided by the porosity or open area. Hence the Reynolds 
number for this model is given as either: 
 𝑅𝑒𝑑,𝜀 = 𝑑𝑤 .𝐺𝜇. 𝜀  2.3.3 
Or: 
 𝑅𝑒𝑑,𝛾 = 𝑑𝑤 .𝐺𝜇. 𝛾  2.3.4 
where 𝑑𝑤 is the gauze wire diameter 𝜀 is the porosity, and 𝛾 is the open area. 
Figure 2.3.1 on the next page show the experimental data for the correlation of the j-factor with 
hydraulic diameter and wire diameter as a function of Reynolds number. In the eight studies shown, 
the wire diameter was varied from 0.076 to 1.65mm and the void fraction from 0.668 to 0.905. The 
Reynolds number was varied from 0.1 to 100. In industrial ammonia burners the variation of wire 
diameters of the gauzes is typically from 0.06 to 0.76mm, and void fractions from 0.83 to 0.93 
(Hatscher, Fetzer, Wagner, & Kneuper, 2008). The Reynolds number varies from 0.3 to 60, and so the 
data from these studies is applicable to industrial operation. 
It is evident from the similarity in the correlations of such varied gauzes, that the infinite wire model 
is much more apt at describing the mass transfer mechanism than a packed bed model. Most 
authors have drawn from this the conclusion that the Reynolds number based on the wire diameter 
and interstitial velocity is the best choice for correlating mass transfer data (Satterfield & Cortez, 
1970; Shah & Roberts, 1975). Satterfield proposed a correlation based on the porosity: 
 𝑗𝐷,𝜀 = 0.865𝑅𝑒𝑑,𝜀−0.648        0.4 < 𝑅𝑒𝑑,𝜀 < 9 2.3.5 
The correlation used in this thesis will be that of Shah, not because it is better, but because it was 
validated over a much wider range of Reynolds numbers. The correlation is based on the open area: 
 𝑗𝐷,𝛾 = 0.644𝑅𝑒𝑑,𝛾−0.570        5 < 𝑅𝑒𝑑,𝛾 < 245 2.3.6 
Although Shah only validated the correlation in the range shown above, the fit to data at much lower 
Reynolds number is still good, as can be seen in the figure. 
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Figure 2.3.1 The j-factor as a function of hydraulic Reynolds number (top) and wire diameter Reynolds number (bottom) 
for experiments in the literature, which have been collected for this thesis. Experiments based on combustion are 
square points, and those using electrode method are circular points. The line shown is the correlation of Shah et al, and 
is shown in equation 2.3.6. 
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2.3.2 Kinetics under industrial conditions 
2.3.2.1 Temperature and pressure of operation 
The gauze temperature and the pressure are thought to affect the selectivity, and the selectivity of 
NO versus temperature is shown in Figure 2.3.2. It is generally considered that at higher combustion 
pressure the optimal temperature for NO selectivity is also higher. The reasoning for this rise in 
temperature is usually from Le Chatelier’s principle. The combustion of ammonia to NO gives a 
volume increase, and according to La Chatlier’s principle an increased pressure would decrease the 
conversion (Honti, 1976; Pérez-Ramírez et al., 2003; Thiemann et al., 2000). To combat this effect a 
higher temperature is required. However this explanation is flawed for two reasons. Firstly it does 
not take into account that there is a larger volume change for the nitrogen forming reaction, and so 
in comparison NO should be favoured. Secondly the equilibrium is so far to the side of the products 
that a change in temperature would do little to affect this equilibrium (Drake, 1963). 
There have been two studies in the literature looking at the effect of pressure on optimal NO 
production. The first was carried out by engineers at Dupont over the range 1 to 8 atmospheres 
(Handforth & Tilley, 1934). The second was by researchers in the USSR examining pressures from 1 
to 30 atmospheres (Atroshchenko, Savenkov, & Zasorin, 1971). Both studies suffer the same 
inconsistency, namely the mass flux was not held constant when comparing different pressures and 
temperatures. As will be shown below, the gauze loading is an important parameter. 
 
Figure 2.3.2 The effect of temperature on Burner efficiency for two different pressures, (a) 1 Bara, and (b) 4 Bara 
(Hatscher et al., 2008). 
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2.3.2.2 Ammonia inlet mole fraction 
The ammonia inlet mole fraction is known to affect the selectivity to NO. Figure 2.3.3 shows the 
effect of ammonia concentration on the yield of NO (Honti, 1976), with the original data coming 
from a Russian review of ammonia combustion conditions (Atroshchenko & Kargin, 1949). The 
conditions shown are for combustion at 900°C and atmospheric pressure. The flow conditions are 
unknown. Line 1 in the figure is the theoretical line, based on the stoichiometry of the NO and N2 
forming reactions. At an ammonia to oxygen ratio of 0.75, one only has enough oxygen present to 
make nitrogen. A volumetric ammonia inlet mole fraction of 14.4 volume % in air would give the 
stoichiometry for NO combustion, thus giving 100 percent NO selectivity (Atroshchenko & Kargin, 
1949). Line 2 shows the results for the experimental results. As there are no conditions of 
combustion given, it is difficult to determine the validity of these experiments, or compare them 
with other data from the literature. 
 
Figure 2.3.3 The effect of ammonia inlet mole fraction to the NO yield for combustion in air at atmospheric pressure, 
900°C, other conditions unknown. Line 1 is the theoretical line, and line 2 is the experimental results. (Atroshchenko & 
Kargin, 1949; Honti, 1976). 
Oele calculated the theoretical upper limit for the ammonia inlet mole fraction in air. He called it a 
“kinetic-stoichiometric composition”, at which the collision chances of oxygen and ammonia at the 
surface are 5:4, the stoichiometric ratio to make NO. Thus Oele gave the ratio of the flow of oxygen 
(𝑛𝑂2) to ammonia (𝑛𝑁𝐻3) to be:   
 
54 = 𝑛𝑂2𝑛𝑁𝐻3 = 𝑝𝑂2𝑝𝑁𝐻3 𝔇𝑎𝑖𝑟,𝑂2𝔇𝑎𝑖𝑟,𝑁𝐻3 2.3.7 
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Where 𝑝𝑂2and 𝑝𝑁𝐻3are the partial pressures of oxygen and ammonia in the bulk respectively, and 
𝔇𝑎𝑖𝑟,𝑖 is the diffusivity of specie 𝑖 in air. This gave a ratio of the partial pressures of oxygen and 
ammonia in the bulk of 1.43, which corresponds to an ammonia mole fraction of 12.7%. This is 
significantly lower than the stoichiometric ratio of 14.4% (Oele, 1958).  
The maximum ammonia inlet mole fraction is also said to be given by the explosive limit of ammonia 
in air (Davies, Donald, & Harbord, 1996; Honti, 1976). Figure 2.3.4 shows flammability limits of an 
oxygen-ammonia-nitrogen system. At higher temperatures, the flammable limit is reduced. As such, 
higher inlet temperatures – typically seen in high pressure burners – have a reduced ammonia mole 
fraction in the feed (Davies et al., 1996).  
It is unclear which of the two factors – explosive limit or oxygen deficit at the surface – determine 
the maximum ammonia mole fraction. It is likely to be a combination of both. At low pressure 
combustion the inlet is at room temperature, and the flammability limit is 16%. As such the 
flammable limit is far in excess of the stoichiometric mixture of 14.4%. Yet ammonia mole fractions 
are limited to ~12.5%, which is close to the maximum calculated by Oele of 12.7%. At higher 
pressures, which can exceed 150°C the flammable mixture is about 12% NH3 and below the 
stoichiometric mixture. Ammonia mole fractions at high pressure are ~10%.   
 
Figure 2.3.4 The flammability of ammonia-oxygen-nitrogen mixtures at different temperatures (24 and 150°C) and 
pressures (2 and 8 bara). The dashed line shows the oxygen mole fraction for a given ammonia mole fraction, in an 
ammonia air mixture (Buckley & Howard, 1962).  
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2.3.2.3 Gas velocity and number of gauzes 
The effect of burner loading on the selectivity is the combination of three different effects; NO 
decomposition loss, selectivity loss, and NH3 slip loss. The first is due to NO being decomposed on 
downstream gauzes, and hence too many gauzes can reduce the end NO yield (Andrews, 1985; 
Sadykova et al., 2000). 
The second effect arises from the limiting reaction step in ammonia combustion. It is thought that 
the reaction is limited by the rate at which ammonia is transferred across the diffusion gas film 
(Andrews, 1985). As such the catalyst surface has a very low partial pressure of ammonia at the 
surface of the gauze catalyst. Andrews attributes the selectivity loss to there being appreciable 
partial pressures of both NH3 and NO at the surface.  Hence if the difference between the catalyst 
reaction rate relative to the mass transfer rate of ammonia to the surface is reduced, the partial 
pressure of ammonia on the surface will be increased (Andrews, 1985).  Hence operating further in 
the gas film diffusion limit, results in a lower loss of NO.  
Lastly an insufficient number of gauzes leads to ammonia being unconverted on the catalyst, and 
reacting with NO downstream. This insufficiency reduces the apparent amount of NO made 
(Andrews, 1985). Figure 2.3.5 shows these effects, along with the resulting overall burner efficiency. 
The loading can be increased if the temperature is increased also. A temperature rise of 100°C 
doubles the reaction rate on the surface of the gauze, and correspondingly the flow rate can be 
increased also (Honti, 1976). 
 
Figure 2.3.5 The burner efficiency as a function of superficial gas velocity (Andrews, 1985). 
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The different school of thought on burner loading is that it is determined from an optimal residence 
time (Atroshchenko et al., 1971; Hatscher et al., 2008). This residence time gives an optimal NO 
yield, and is of the order 10-3 seconds. If the residence time is too long, and one experiences 
decomposition of the NO, whereas too short and there is breakthrough of ammonia. At a given mass 
flow, as the pressure is increased, in order to maintain the optimal residence time, the velocity must 
be increased proportionally. The concept of optimal residence time stems from Ostwald’s first 
experiments, who wanted to keep the residence time as low as possible. This is also the reason 
Kaiser first moved to a gauze catalyst, as he was able to significantly reduce the residence time 
(Hunt, 1958). Apel’baum and Temkin showed the optimal residence time to be an incorrect way of 
looking at a diffusion limited reaction (Apel'baum & Temkin, 1948).  Despite knowledge of process 
being mass transfer limited, and Apel’baum and Temkin’s thorough investigation, the concept 
remains prominent to the present day.  
There are also two competing views on the optimal number of gauzes, and how it can be derived. 
The first suggest that the number of gauzes is dependent on the flow conditions at low, medium or 
high flow. Increasing the number of gauzes at low flow rate has the effect of decreasing the 
selectivity to NO, whereas at a medium flow rate the efficiency rises to a peak, and then steadily 
declines. At high flow rates the addition of gauzes gives a rise in the selectivity to NO, but then 
plateaus (Davies et al., 1996). This is shown in Figure 2.3.6. 
 
Figure 2.3.6 The burner efficiency with number of gauzes for three different gas rates (a) low, (b) medium and (c) high 
(Davies et al., 1996). 
The second view suggests that as the combustion is mass transfer limited, the catalyst can be 
modelled as a plug flow reactor with reaction rate equal to the mass transfer rate. Using a Number 
of Transfer units approach one can calculate the number of gauzes to be installed into a burner 
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(Roberts & Gillespie, 1975). The derivation by Roberts and Gillespie is similar to that used in Chapter 
5 in the temperature model. Starting with the consumption of ammonia over a small element (𝑑𝑉): 
 −𝑑?̇?𝑁𝐻3 = 𝑘𝑔 𝑐𝑃 �𝑥𝑁𝐻3|∞ − 𝑥𝑁𝐻3|𝑠�𝑎𝑑𝑉 2.3.8 
where ?̇?𝑁𝐻3 is the molar flow of ammonia, 𝑘𝑔 is the mass transfer coefficient, 𝑎 is the surface area of 
catalyst per volume, 𝑐 the concentration, 𝑥𝑁𝐻3|∞ is the mole fraction of ammonia in the bulk, and 
𝑥𝑁𝐻3|𝑠 at the surface. We assume that combustion of ammonia is mass transfer limited, so  𝑥𝑁𝐻3|𝑠  
can be considered to be much smaller than 𝑥𝑁𝐻3|∞. Hence for the small elemental length 𝑑𝐿 based 
on the volume: 
 −𝑑 �
𝐺
𝑀
𝑥𝑁𝐻3|∞� = 𝑘𝑔𝑐�𝑥𝑁𝐻3|∞�𝑎𝑑𝐿 2.3.9 
where 𝐺 is the total mass flux, and 𝑀 mean molecular weight, which are both assumed to be 
constant through the gauze pack. Hence by rearrangement: 
 −
𝑑𝑥𝑁𝐻3|∞
𝑥𝑁𝐻3|∞ = 𝜌𝑘𝑔𝐺 𝑎𝑑𝐿 2.3.10 
Using the Colburn Chilton mass transfer analogy, this can be simplified further10
 
: 
−
𝑑𝑥𝑁𝐻3|∞
𝑥𝑁𝐻3|∞ = 𝑆𝑐−23𝑗𝑑𝑎𝑑𝐿 2.3.11 
Where 𝑆𝑐 is the Schmidt number. We now define the number of transfer units (𝑁𝑇𝑈) as: 
 (𝑁𝑇𝑈) =  𝑙𝑜𝑔 �𝑥𝑁𝐻3|∞𝐼
𝑥𝑁𝐻3|∞ � 2.3.12 
And hence the depth of the gauze pack in meters is: 
 
𝐿 = � 𝑆𝑐2 3�
𝑗𝐷𝑎
𝑥𝐸
𝑥𝐼
𝑑 �𝑙𝑜𝑔 �
𝑥𝑁𝐻3|∞𝐼
𝑥𝑁𝐻3|∞ �� 
𝐿 = � (𝐻𝑇𝑈)𝑑(𝑁𝑇𝑈)(𝑁𝑇𝑈)
0
 
2.3.13 
Hence using the Shah correlation for the mass transfer coefficient (Shah & Roberts, 1975), the height 
of one transfer unit (𝐻𝑇𝑈) can be written as: 
 𝐻𝑇𝑈 = 𝑆𝑐2 3�
𝑗𝐷𝑎
= 1.55.𝑆𝑐2 3� .𝑅𝑒0.57.𝛾0.43.𝑎−1 2.3.14 
                                                          
10 
𝜌𝑘𝑔
𝐺
= 𝑆𝑐−23𝑗𝑑 
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where 𝑅𝑒 the Reynolds number, 𝛾 the open area of the gauze, and 𝑎 the surface area per unit 
volume. The number of transfer units is typically greater than 5.3, to ensure 99.5 percent conversion 
of ammonia (Roberts & Gillespie, 1975). 
 
2.3.2.4 The 7 old saws 
From the literature there appears to be 7 “old saws”, which dominated the understanding of optimal 
burner operation.  
1. The pressure of operation sets the mass flux of a burner. This is either argued from the basis 
that an increased pressure requires an increased temperature, allowing for a higher burner 
loading, or the optimal residence time approach is used to set the mass flux. (Atroshchenko 
et al., 1971; Hatscher et al., 2008; Honti, 1976) 
2. From Le Chatelier's principle, increasing the pressure reduces the yield of NO (Honti, 1976; 
Pérez-Ramírez et al., 2003; Thiemann et al., 2000) 
3. NO and N2O are decomposed on the gauze pack, and so the number of gauzes should be 
limited (Andrews, 1985; Davies et al., 1996; Thiemann et al., 2000) 
4. The flammability limit sets the maximum ammonia mole fraction in operation. However for 
the reaction chemistry the maximum NH3 mole fraction is set by stoichiometric ratio in the 
bulk to form NO. (Thiemann et al., 2000). 
5. The gauze type can improve the NO selectivity and decrease the N2O selectivity (Horner, 
1993; Pérez-Ramírez et al., 2003) 
6. The gauze temperature is constant throughout the gauze pack (Oele, 1958; Roberts & 
Gillespie, 1975) 
7. Water in steam ballast combustion effects the surface chemistry reducing the maximum NO 
selectivity (Atroshchenko et al., 1978; Tkachuk et al., 1987; Zasorin et al., 1968) 
They are taken to be fact, without any conformation or scrutiny of the original sources. As such it 
would be good to confirm the validity of these old saws.  
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2.4 Mechanistic reaction kinetics 
Researchers have been trying to determine the mechanism by which ammonia makes nitric oxide 
since Ostwald first discovered the process. The first researchers postulated complex mechanisms 
which contained intermediates such as nitroxyl (Andrussow, 1927), imides (Raschig, 1927) and 
hydroxylamine (Bodenstein, 1935). With new techniques carried out in Ultra-high Vacuum (UHV) the 
surface species participating in the reaction mechanism have been determined on single platinum 
crystals, and the previous reaction mechanisms discounted. The first of these studies for ammonia 
on polycrystalline wire at 10-2 Pa used secondary ion mass spectrometry to show that none of these 
species were present on the surface (Fogel, Nadykto, Rybalko, Shvachko, & Korobchanskaya, 1964). 
These UHV reactors are able to operate at pressures between 10-10 and 1 torr, temperatures 
between 25 and 1500°C, and low concentrations of reactant species. UHV has been successful where 
previous studies have not been for five reasons: 
• Low concentrations of reactants release far less heat, allowing for much better 
determination of the rate at a given temperature. 
• At low pressures and concentrations, surface restructuring of the catalyst does not occur, so 
one can be sure which crystal lattice was being examined. 
• Clean surfaces at the start of the reaction, and atomic labelling of species involved in the 
reaction ensures determination of steps in the mechanism. 
• Mass transfer for reactants to the surface is not the limiting reaction step as it is at higher 
pressures. This mass transfer limitation has left previous studies at high temperatures 
unable to determine the reaction rates on the platinum surface separately from the mass 
transfer rates. 
• Allows for use of low energy electron or ion based experimental detection techniques as 
there is no interference caused by gas phase scattering. Techniques which have successfully 
been used to show surface species include; X-ray Photoelectron Spectroscopy (XPS), Auger 
Electron Spectroscopy (AES), Valence Electron Energy Loss Spectroscopy (VEELS) and 
Electron Energy Loss Spectroscopy (EELS). 
With the availability of computer programs to solve chemical kinetics problems it has become 
possible to develop mechanistic models of high complexity (Stolze, 2000). The reaction chemistry of 
ammonia combustion lends itself to this type of analysis as it has a complex and poorly understood 
reaction mechanism. Several micro-kinetic models have been constructed to gain an understanding 
of the underlying reactions (Kraehnert, 2005; Rebrov, de Croon, & Schouten, 2002; Scheibe, 2003; 
Traversac, 2007). Two approaches were taken to build a mechanistic model. In the first method 
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reactions are defined, and set to be irreversible. A reverse reaction is also given, with a reaction rate 
that is defined separately from the forward reaction. In the steady state this method does not 
ensure a thermal equilibrium. 
A second approach is to describe each reaction rate for the forward reaction only, which is written in 
modified Arrhenius form, as would be done for the first method: 
 𝑘𝑓(𝑇) = 𝐴𝑓 .𝑇𝑛. 𝑒−�𝐸𝑎𝑓 𝑅𝑇� � 2.4.1 
𝐴𝑓 is the pre-exponential factor, 𝐸𝑎𝑓 the activation energy, and 𝑛 the temperature dependency. 
However for the first method there would also be a reverse reaction defined: 
 𝑘𝑟(𝑇) = 𝐴𝑟.𝑇𝑛. 𝑒−�𝐸𝑎𝑟 𝑅𝑇� � 2.4.2 
The equilibrium between these two reactions would then be give as, 
 𝐾 = 𝑘𝑓(𝑇)
𝑘𝑟(𝑇) = 𝐴𝑓𝐴𝑟 . 𝑒−�𝐸𝑎𝑓−𝐸𝑎𝑟𝑅𝑇 � 2.4.3 
One can also write the equilibrium between the forward and reverse reactions in terms of the 
change in Gibbs free energy (∆𝐺). Furthermore using the definition of the Gibbs free energy11
 
 
 the 
equilibrium can be written in terms of the change in entropy (∆𝑆) and enthalpy (∆𝐻): 
𝐾 = 𝑒−�∆𝐺𝑅𝑇� = 𝑒�∆𝑆𝑅 �𝑒−�∆𝐻𝑅𝑇� 2.4.4 
Hence the reverse reaction rate can rearranged to be in terms of 𝐸𝑎𝑓 , 𝐴𝑓 , ∆𝑆 and ∆𝐻 only; 
 𝑘𝑟(𝑇) = 𝑘𝑓(𝑇)𝐾 = 𝐴𝑓 . 𝑒−�𝐸𝑎𝑓𝑅𝑇 �𝑒−�∆𝑆𝑅 �𝑒�∆𝐻𝑅𝑇� 2.4.5 
and no reverse reaction need be defined separately. Defining the reverse reaction in this way gives a 
much more thermodynamically consistent mechanism. Of all the micro-kinetic models only 
Traversac’s model uses this technique, and as such is the only model with thermodynamic 
consistency. 
Therefore it is important not only to define accurately the Arrhenius rate constants for the reaction, 
but also the thermodynamics of the species on the surface and the gas phase. For these 
thermodynamic functions the binding energies and how the species attach to the surface are 
important, as these will give the underlying thermodynamic functions for enthalpy, heat capacity 
and entropy required for the reverse reaction. 
                                                          
11 ∆𝐺 = ∆𝐻 − 𝑇∆𝑆 
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For the binding of molecules on a surface, the crystal structure is very important. Platinum has a 
face-centred cubic (fcc) crystal structure, and most studies have been carried out on the Pt(111) 
face. It is the most thermodynamically stable at high temperature (Ford, Xu, & Mavrikakis, 2005) and 
all mechanisms consider this face only. Pt(111) has four different sites for species to occupy 
(Offermans, Jansen, & van Santen, 2006): 
• On-top sites, where atom or molecule sits directly above a platinum atom on the top layer 
• Bridging sites, a site between two platinum atoms in the top lattice 
• The hcp hollow site which is between three platinum atoms with a platinum atom directly 
below the hollow site. 
• The fcc hollow site is also between three platinum atoms, but has an platinum atom below it 
two layers further down. 
Figure 2.4.1 shows these sites in relation to ammonia stripping, a part of the mechanism which will 
be explained in greater detail later, but it gives a good visualisation of the different binding sites 
available for molecules on a Pt(111) surface. The ammonia molecule on the furthest left, first 
adsorbs to an on-top site. After the first hydrogen is stripped off the ammonia, the resulting amide 
molecule attaches to the surface in a bridge site, shown as the molecule second to the left. Finally 
after the second hydrogen is removed, the remaining imide molecule is then bound in a hollow site, 
as is also shown for the nitrogen atom after the last hydrogen is stripped off. The distinction 
between fcc and hcp is not shown in this diagram, but both N and NH occupy the fcc hollow site. 
 
Figure 2.4.1 The different adsorption sites for Pt(111), from left to right the molecules are bound as; NH3 “on-top” site; 
NH2 on a “bridging” site; and as NH and N on a “hollow” site.  (Picture credit Roger Nix). 
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2.4.1 Adsorption and desorption 
The adsorption and desorption of the species to and from the gas phase to the platinum surface are 
the best studied reactions for the ammonia combustion mechanism. Many of the reactions have 
been studied for other combustion problems such as hydrogen combustion on platinum or catalytic 
decomposition of NO (Stolze, 2000). All the adsorption and desorption reactions, except for 
desorption of nitrogen from the surface, are defined by use of a sticking coefficient. A sticking 
coefficient defines the reaction rate constant as a probability independent of temperature. 
 
2.4.1.1 𝑵𝑯𝟑 + 𝑷𝒕(𝒔) ⇌ 𝑵𝑯𝟑(𝒔) 
The chemisorption of ammonia on a Pt(111) surface is onto an on-top site (Bradley, Hopkinson, & 
King, 1997; Garcia-Hernandez, Lopez, Moreira, Paniagua, & Illas, 1999), and other studies have 
shown that the binding does not depend on the crystal structure (Bradley et al., 1997; Gohndrone & 
Massel, 1989). Ammonia binds to the surface via the nitrogen atom, and the hydrogen atoms point 
away from the surface, as shown in Figure 2.4.1 (Ford et al., 2005; Novell-Leruth, Valcarcel, Clotet, 
Ricart, & Perez-Ramirez, 2005; Offermans et al., 2006). This form of attachment is called α-ammonia, 
and the binding energy has been measured experimentally to be between 64.3kJ.mol-1 (Guthrie, 
Sokol, & Somorjai, 1981) and 69.8 kJ.mol-1 (Takoudis & Schmidt, 1983). This agrees well with 
theoretical Density Functional Theory (DFT) studies which range from 68 to 75 kJ.mol-1 (Ford et al., 
2005; Novell-Leruth et al., 2005; Offermans et al., 2006). 
Ammonia adsorption is not blocked by pre-adsorbed oxygen on the surface (Bradley et al., 1997), 
nor does the rate depend on the platinum crystal structure (Bradley et al., 1997; Gohndrone & 
Massel, 1989). Several authors have described a sticking coefficient that decreases with increasing 
temperature (Masson, 1992; Scheibe, 2003). At very low temperatures and coverage, experimental 
studies have shown sticking coefficients as high as 0.9 (Bradley et al., 1997), and at room 
temperature between 0.1 and 0.5 (Gohndrone & Massel, 1989). At temperatures closer those in 
industrial oxidation, sticking coefficients have been suggested to between 0.01 and 0.05 (Gohndrone 
& Massel, 1989). 
 
2.4.1.2 𝑶𝟐 + 𝟐𝑷𝒕(𝒔) ⇌ 𝑶(𝒔) + 𝑶(𝒔) 
Oxygen is adsorbed in atomic form above -150°C, and only below this is it seen to also be molecular 
(Gland & Korchak, 1978). The atom oxygen has been shown to be most stable in the fcc hollow site, 
with one oxygen site per primitive (2x2) cell. This observation shows a repulsive interaction between 
the adsorbed oxygen atoms (Weaver, Chen, & Gerrard, 2005). Both experimental and theoretical 
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DFT measurements indicate that the binding energy of O decreases with oxygen coverage (Gu & 
Balbuena, 2007; Weaver et al., 2005). Binding energies calculated by DFT range from 371 to 444 
kJ.mol-1 at low oxygen coverage (Ford et al., 2005; Gu & Balbuena, 2007) but experimentally this 
energy was much lower at 356 kJ.mol-1 (Campbell, Ertl, Kuipers, & Segner, 1981). 
Low pressures studies for oxygen adsorption have shown sticking coefficients between 0.02 and 0.4, 
which varied with oxygen coverage and temperature (Bronzel & Ku, 1973; Campbell et al., 1981; 
Ljungström, Kasemo, Rosen, Wahnström, & Fridell, 1989; Parker, Bartram, & Koel, 1989). Robust 
kinetic models for hydrogen combustion in oxygen have used values between 0.023 and 0.03 
(Deutschmann, Maiera, Riedela, Stroemmanb, & Dibble, 2000; Försth, 2002; Park, Aghalayam, & 
Vlachos, 1999; Park, Fernandes, & Vlachos, 1999). 
 
2.4.1.3 𝑯𝟐𝑶+ 𝑷𝒕(𝒔) ⇌ 𝑯𝟐𝑶(𝒔) 
Like ammonia, water is adsorbed in molecular form, and also binds to an on-top site. Experimentally 
binding energies have been reported from 40 kJ.mol-1 (Fisher & Gland, 1980; Thiel & Madey, 1987) 
to 54 kJ.mol-1 (Haq, Harnett, & Hodgson, 2002). DFT values are much lower at 23 kJ.mol-1 (Offermans 
et al., 2006), a value that has been discounted by other studies (Pérez-Jordá & Becke, 1995) 
The hydrogen combustion kinetic models used for oxygen adsorption give a sticking coefficient for 
water of 0.7 (Deutschmann et al., 2000; Park, Fernandes, et al., 1999). Experimental studies have 
shown values between 0.5 and 1 (Fisher & Gland, 1980). 
 
2.4.1.4 𝑯𝟐 + 𝟐𝑷𝒕(𝒔) ⇌ 𝑯(𝒔) + 𝑯(𝒔) 
Hydrogen adsorbs dissociatively, and DFT calculations have shown atomic hydrogen can bind on any 
on-top, bridge, or fcc hollow site (Offermans et al., 2006). With a low surface diffusion energy barrier 
of 5 kJ.mol-1, the hydrogen atom has a high mobility on the surface (Ford et al., 2005). Binding 
energies found experimentally of 269 kJ.mol-1 (Norton & Richards, 1974) agree well with the DFT 
energies which lie between 261 and 266 kJ.mol-1 (Ford et al., 2005; Novell-Leruth et al., 2005; 
Offermans et al., 2006). 
At low temperature the sticking coefficient has been estimated to be 0.1 or higher (Christmann, Ertl, 
& Pignet, 1976; Norton & Richards, 1974). At higher temperatures the sticking coefficient is 
considerably lower, at 0.046 (Ljungström et al., 1989). This lower experimental value has been used 
in hydrogen combustion kinetic models (Deutschmann et al., 2000; Försth, 2002). 
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2.4.1.5 𝑵𝑶(𝒔) ⇌ 𝑵𝑶 + 𝑷𝒕(𝒔) 
NO desorption is the most important of all the reactant desorption steps, as under industrial 
conditions NO will be the major product. Three different sites exist for the binding of NO to the 
surface, and their occupancies are heavily dependent on the level of coverage. At low coverage, with 
less than a quarter of a monolayer (ML) coverage NO adsorbs to hollow fcc sites. For medium 
coverage, between a quarter and a half ML, both fcc hollow and on-top sites are occupied 
preferentially. At coverage above a half ML, to a maximum of three quarters ML NO occupies 
additional hcp hollow sites (Kondratenko, 2005; Zhu et al., 2003). Experimental binding energies for 
low coverage are between 105 kJ.mol-1 (Gorte, Schmidt, & Gland, 1981) and 125 kJ.mol-1 (Croci, 
Félix, Vandoni, Harbich, & Monot, 1994). DFT values for the same cases are much higher and range 
between 178 and 187 kJ.mol-1 (Ford et al., 2005; Getman & Schneider, 2007; Offermans et al., 2006). 
The sticking coefficient for NO adsorption for low temperatures and low oxygen coverage has been 
reported to be 0.88, and at higher oxygen coverage reduced to 0.6 (Campbell, Ertl, & Segner, 1982). 
At higher temperatures this sticking coefficient increased to 0.95 for a clean surface (Brown & Luntz, 
1993; Croci et al., 1994), and with oxygen coverage dropped to 0.88 (Zhu et al., 2003). 
 
2.4.1.6 𝑵(𝒔) + 𝑵(𝒔) ⇌ 𝑵𝟐 + 𝟐𝑷𝒕(𝒔) 
Nitrogen formation is considered to be the result of two surface nitrogen atoms combining (Bradley 
et al., 1997; Mieher & Ho, 1995), with atomic nitrogen preferentially occupying hollow fcc sites. DFT 
calculations give the binding energies in the range 420 to 467 kJ.mol-1 (Ford et al., 2005; Getman & 
Schneider, 2007; Novell-Leruth et al., 2005; Offermans et al., 2006). 
The desorbed molecular nitrogen is also generally considered not to be able to reabsorb once 
formed, and is therefore not described by use of a sticking coefficient (Pérez-Ramírez, Kondratenko, 
Kondratenko, & Baerns, 2004; Rebrov et al., 2002; Scheibe, 2003). Rebrov chose an activation energy 
of 79.1 kJ.mol-1, and a pre-exponential factor of 1x1011 s-1 which was able to reproduce experimental 
desorption experiments in the literature (Jianga, Huanga, Tanb, Zhaib, & Baob, 2006; Rebrov et al., 
2002; Schwaha & Bechtold, 1977). 
 
2.4.1.7 𝑵𝟐𝑶 + 𝑷𝒕(𝒔) ⇌ 𝑵𝟐𝑶(𝒔) 
The last desorption reaction is the least well understood, that of nitrous oxide. It is most likely that 
the N2O molecule binds to the on-top site (Burch, Daniells, Breen, & Hu, 2004). There is a great deal 
of discrepancy between the experimental results for the binding energy, with figures ranging from 
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23 to 89 kJ.mol-1 (Avery, 1983; Sawabe & Matsumoto, 1992; C.G. Takoudis & L.D. Schmidt, 1983). 
DFT has shown a N2O molecule to be weakly bound, and estimated a binding energy of 16 kJ.mol-1 
(Burch, Attard, et al., 2002). 
The sticking coefficients for nitrous oxide on platinum are very poorly known. A figure for palladium 
(111) ranged from 0.65, dropping to 0.05 at low coverage (Haq et al., 2002). Traversac assumed a 
value of 0.002 for the sticking coefficient in his model (Traversac, 2007). 
 
2.4.2 Hydrogen stripping of ammonia 
Hydrogen stripping of ammonia, also known as the activation of ammonia, carried out on the surface 
was briefly explained above in reference to the active sites on the surface. It is the mechanism by 
which successive hydrogen atoms are removed from the ammonia molecule while adsorbed on the 
surface on the platinum.  Experimentally it has been shown by the existence of stable OH, NH and 
NH2 molecules on the surface (Mieher & Ho, 1995) and has been validated by use of DFT in a 
theoretical capacity (Novell-Leruth et al., 2005; Offermans et al., 2006). 
There are three ways in which this stripping can be achieved, in each of these cases the order of the 
hydrogen removal is the same, only the mechanism by which it is achieved differs. 
In the activation of ammonia the first product is the amide molecule, and it binds to a bridging site. 
The binding energy of this surface molecule is difficult to calculate experimentally so values are 
taken from DFT calculations, which vary from 221 to 298 kJ.mol-1 (Ford et al., 2005; Novell-Leruth et 
al., 2005; Offermans et al., 2006). The second activation leaves an imide molecule, which binds 
preferentially to the fcc hollow site. Again for the binding energy there is a reliance on DFT 
calculations, which range from 368 to 406 kJ.mol-1 (Ford et al., 2005; Novell-Leruth et al., 2005; 
Offermans et al., 2006). In the last step the remaining hydrogen is removed, leaving a nitrogen atom 
bound to the surface. 
 
2.4.2.1 𝑵𝑯𝒙(𝒔) + 𝑷𝒕(𝒔) ⇌ 𝑵𝑯𝒙−𝟏(𝒔) + 𝑯(𝒔)    𝒙 = 𝟏,𝟐 𝒐𝒓 𝟑 
The first method of stripping is by self activation with an empty platinum site. This case is most 
dominant with low concentrations of oxygen or hydroxide on the surface. Activation energy data for 
these reactions come from only two sources, but there is good agreement between these, as shown 
in the table below for the general form of the reaction (Novell-Leruth et al., 2005; Offermans et al., 
2006). 
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 Offermans (2006) Novell-Leruth (2007) 
 s-1 kJ.mol-1 s-1 kJ.mol-1 
𝒙 𝑨𝒇 𝑬𝒂𝒇 𝑨𝒇 𝑬𝒂𝒇 
3 5.6x1011 93 4.6x1011 91 
2 5.0x1012 110 5.8x1012 101 
1 7.2x1012 118 7.2x1012 116 
Table 2.4.1 The pre-exponential factors and activation energies in the literature for self activation of ammonia with an 
empty site. 
 
2.4.2.2 𝑵𝑯𝒙(𝒔) + 𝑶(𝒔) ⇌ 𝑵𝑯𝒙−𝟏(𝒔) + 𝑶𝑯(𝒔)    𝒙 = 𝟏,𝟐 𝒐𝒓 𝟑 
The second method whereby hydrogen is stripped from ammonia is by reaction with surface oxygen 
to form a surface hydroxide. This mechanism is favoured at higher oxygen coverage (Mieher & Ho, 
1995). For these reactions, the data for activation energies are scarce and only available from one 
source (Offermans et al., 2006), shown in the table: 
 s-1 kJ.mol-1 
𝒙 𝑨𝒇 𝑬𝒂𝒇 
3 1.2x1012 42 
2 6.1x1012 87 
1 7.6x1012 84 
Table 2.4.2 The pre-exponential factors and activation energies in the literature for hydrogen stripping of ammonia on 
the surface by atomic oxygen.  
 
2.4.2.3 𝑵𝑯𝒙(𝒔) + 𝑶𝑯(𝒔) ⇌ 𝑵𝑯𝒙−𝟏(𝒔) + 𝑯𝟐𝑶(𝒔)   𝒙 = 𝟏,𝟐 𝒐𝒓 𝟑 
Lastly the hydrogen can be removed by a surface hydroxide to give a surface water molecule. These 
reactions are also preferred at higher oxygen coverage, and the kinetic data for these reactions is 
shown below (Offermans et al., 2006), shown in the table: 
 s-1 kJ.mol-1 
𝒙 𝑨𝒇 𝑬𝒂𝒇 
3 1.6x1011 73 
2 3.4x1012 22 
1 5.1x1011 35 
Table 2.4.3 The pre-exponential factors and activation energies in the literature for hydrogen stripping of ammonia on 
the surface by surface OH.  
 
2.4.3 Water mechanism 
The water mechanism has been studied for use in hydrogen combustion on platinum (Försth, 2002; 
Park, Fernandes, et al., 1999), and is an important part of the ammonia activation mechanism. An 
integral surface species in this is the hydroxide molecule, which binds preferentially to the on-top 
site (Michaelides & Hu, 2001). The OH is considered to be able to diffuse across the surface, given 
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that there is an energy barrier of less than 10 kJ.mol-1 between on-top and bridge sites (Ford et al., 
2005). Binding energies of 213 kJ.mol-1 (Offermans et al., 2006) calculated by DFT are in close 
agreement with those found experimentally, 227 kJ.mol-1 (Ji, Jalbout, & Lia, 2007). 
 
2.4.3.1 𝑶(𝒔) + 𝑯(𝒔) ⇌ 𝑶𝑯(𝒔) + 𝑷𝒕(𝒔) 
The first reaction is the combination of surface oxygen and hydrogen to give surface hydroxide. For 
this reaction Park gives a pre-exponential factor of 1x1011 s-1, and an activation energy based on the 
surface coverage of oxygen and hydrogen (Park, Fernandes, et al., 1999). For a clean surface this 
activation energy is given as 50.6 kJ.mol-1, for an oxygen covered surface 56.1 kJ.mol-1, and a 
hydrogen covered surface 36.8 kJ.mol-1. 
 
2.4.3.2 𝑯𝟐𝑶(𝒔) + 𝑶(𝒔) ⇌ 𝑶𝑯(𝒔) + 𝑶𝑯(𝒔) 
The second reaction is that between a surface water and oxygen to make two hydroxide molecules 
on the surface. Park gives a pre-exponential factor of 1x1011 s-1, and activation energies based on the 
surface coverage of oxygen and hydrogen (Park, Fernandes, et al., 1999).  Park gives the clean 
surface has an activation energy of 52.7 kJ.mol-1, the oxygen covered surface 142.7 kJ.mol-1, and the 
hydrogen surface 52.7 kJ.mol-1. 
 
2.4.3.3 𝑶𝑯(𝒔) + 𝑯(𝒔) ⇌ 𝑯𝟐𝑶(𝒔) + 𝑷𝒕(𝒔) 
The last reaction is the formation of surface water from hydroxide and hydrogen. This has a lower 
pre-exponential factor compared with the previous two reactions, of 1x1010 s-1.  The activation 
energy is only depended on the surface coverage of hydrogen, with an energy of 38.9 kJ.mol-1 and 
the clean surface an activation energy of 51.9 kJ.mol-1 (Park, Fernandes, et al., 1999). A graphic 
representation of this mechanism is shown in Figure 2.4.2. 
 
Figure 2.4.2 The water mechanism. The graphic shows the surface reactions involved in the water mechanism 
(Traversac, 2007). 
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2.4.4 Nitric oxide and nitrous oxide formation 
2.4.4.1 𝑵(𝒔) + 𝑶(𝒔) ⇌ 𝑵𝑶(𝒔) + 𝑷𝒕(𝒔) 
Nitric oxide is formed from the combination of an adsorbed oxygen and nitrogen, much like the 
formation of nitrogen (Asscher, Guthrie, Lin, & Somorjai, 1984). However in this case the reaction 
does not result in a desorbed species. An activation energy determined experimentally of 121 kJ.mol-
1 and an pre-exponential factor of 10-13 s-1 (Asscher et al., 1984) have been used in kinetic models 
(Rebrov et al., 2002). The rate of decomposition of NO to N2 on Pt(111) is considered to be very low 
(Gorte et al., 1981), and so is generally not considered. It is however a significant reaction on Pt(100) 
(Gohndrone & Massel, 1989). 
 
2.4.4.2 𝑵𝑶(𝒔) + 𝑵(𝒔) ⇌ 𝑵𝟐𝑶(𝒔) + 𝑷𝒕(𝒔) 
The reaction between surface nitrogen and surface nitric oxide gives nitrous oxide (Walker, Gruyters, 
& King, 1997; Williams, Tolia, Chan, Takoudis, & Weaver, 1996). Activation energies are of the order 
93 kJ.mol-1 (Rebrov et al., 2002), and pre exponential factors range from 1013 (Rebrov et al., 2002) to 
1010 s-1 (Traversac, 2007). 
 
2.4.5 N2O decomposition 
2.4.5.1 𝑵𝟐𝑶(𝒔) ⇌ 𝑵𝟐 + 𝑶(𝒔) 
The last reaction is the decomposition of nitrous oxide. Due to the strength of the N-N bond being 
triple that of the N-O bond, the reaction has a propensity to form of nitrogen and surface oxygen 
(Burch et al., 2004). There is a large range in the activation energies quoted in the literature. The 
lowest is 78 kJ.mol-1 (Burch, Attard, et al., 2002), however most lie in the region 146 kJ.mol-1 (C.G. 
Takoudis & L.D.  Schmidt, 1983) and 155 kJ.mol-1 (Gorte et al., 1981). Values for the pre-exponential 
factor are 1.7x1014 s-1 (Gorte et al., 1981) and 2x1014 s-1 (Traversac, 2007). 
 
2.4.6 Comparison of mechanisms used for micro-kinetic models 
There are three mechanisms that have been used for micro-kinetic modelling of the reactions 
involved in ammonia combustion. All propose the same full set of twenty two reactions discussed 
above, and are shown below in Table 2.4.4. However all of the models except Traversac’s reduce the 
final number of reactions used in the model in order to simplify the reaction chemistry. 
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A1 𝑁𝐻3 + 𝑃𝑡(𝑠) ⇌ 𝑁𝐻3(𝑠) 
A2 𝑂2 + 2𝑃𝑡(𝑠) ⇌ 𝑂(𝑠) + 𝑂(𝑠) 
A3 𝐻2𝑂 + 𝑃𝑡(𝑠) ⇌ 𝐻2𝑂(𝑠) 
A4 𝐻2 + 2𝑃𝑡(𝑠) ⇌ 𝐻(𝑠) + 𝐻(𝑠) 
S5 𝑁𝐻3(𝑠) + 𝑂(𝑠) ⇌ 𝑁𝐻2(𝑠) + 𝑂𝐻(𝑠) 
S6 𝑁𝐻2(𝑠) + 𝑂(𝑠) ⇌ 𝑁𝐻(𝑠) + 𝑂𝐻(𝑠) 
S7 𝑁𝐻(𝑠) + 𝑂(𝑠) ⇌ 𝑁(𝑠) + 𝑂𝐻(𝑠) 
S8 𝑁𝐻3(𝑠) + 𝑂𝐻(𝑠) ⇌ 𝑁𝐻2(𝑠) + 𝐻2𝑂(𝑠) 
S9 𝑁𝐻2(𝑠) + 𝑂𝐻(𝑠) ⇌ 𝑁𝐻(𝑠) + 𝐻2𝑂(𝑠) 
S10 𝑁𝐻(𝑠) + 𝑂𝐻(𝑠) ⇌ 𝑁(𝑠) + 𝐻2𝑂(𝑠) 
S11 𝑁𝐻3(𝑠) + 𝑃𝑡(𝑠) ⇌ 𝑁𝐻3(𝑠) + 𝐻(𝑠) 
S12 𝑁𝐻2(𝑠) + 𝑃𝑡(𝑠) ⇌ 𝑁𝐻2(𝑠) + 𝐻(𝑠) 
S13 𝑁𝐻(𝑠) + 𝑃𝑡(𝑠) ⇌ 𝑁(𝑠) + 𝐻(𝑠) 
S14 𝑂(𝑠) + 𝐻(𝑠) ⇌ 𝑂𝐻(𝑠) + 𝑃𝑡(𝑠) 
S15 𝐻2𝑂(𝑠) + 𝑂(𝑠) ⇌ 𝑂𝐻(𝑠) + 𝑂𝐻(𝑠) 
S16 𝑂𝐻(𝑠) + 𝐻(𝑠) ⇌ 𝐻2𝑂(𝑠) + 𝑃𝑡(𝑠) 
S17 𝑁(𝑠) + 𝑂(𝑠) ⇌ 𝑁𝑂(𝑠) + 𝑃𝑡(𝑠) 
A18 𝑁𝑂(𝑠) ⇌ 𝑁𝑂 + 𝑃𝑡(𝑠) 
D19 𝑁(𝑠) + 𝑁(𝑠) ⇌ 𝑁2 + 2𝑃𝑡(𝑠) 
S20 𝑁𝑂(𝑠) + 𝑁(𝑠) ⇌ 𝑁2𝑂(𝑠) + 𝑃𝑡(𝑠) 
R21 𝑁2𝑂(𝑠) ⇌ 𝑁2 + 𝑂(𝑠) 
A22 𝑁2𝑂 + 𝑃𝑡(𝑠) ⇌ 𝑁2𝑂(𝑠) 
Table 2.4.4 The 22 surface reactions proposed for the microkinetic models, with reaction numbering used by Traversac 
(Traversac, 2007) 
 
2.4.6.1 The Rebrov model 
Rebrov developed a model which was validated at atmospheric pressure. Partial pressure of 
ammonia ranged from 0.01 to 0.12 atmospheres, and oxygen from 0.1 to 0.88 atmospheres (Rebrov 
et al., 2002). Temperatures were much lower than the other models, and spanned from 130 to 
400°C. At temperatures below 300°C the experiments were considered to be kinetically limited 
rather than by mass transfer. All the reactions were considered to be irreversible, and for three 
reactions the reverse reaction was also specified. These were ammonia and oxygen adsorption, and 
surface OH formation. 
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The ammonia activation is lumped into one equation, and proton stripping is considered to be 
carried out by surface oxygen only, as is shown in Reaction 2.4.6. Three surface oxygen atoms are 
required, leaving surface nitrogen and three hydroxide molecules. The step is a huge simplification 
which assumes only oxygen plays a role in the hydrogen stripping.  
 
𝑁𝐻3(𝑠) + 3𝑂(𝑠) → 𝑁(𝑠) + 3𝑂𝐻(𝑠) 2.4.6 
The water mechanism is reduced to having only water adsorption and desorption involving surface 
hydroxide, and there is no hydrogen formation in the model. The forward reaction is shown in 
Reaction 2.4.7 and the reverse in 2.4.8. 
 𝐻2𝑂 + 𝑂(𝑠) + 𝑃𝑡(𝑠) → 𝑂𝐻(𝑠) + 𝑂𝐻(𝑠) 2.4.7  
 
𝑂𝐻(𝑠) + 𝑂𝐻(𝑠) → 𝐻2𝑂 + 𝑂(𝑠) + 𝑃𝑡(𝑠) 2.4.8 
The product forming reactions are all irreversible, and both nitrogen and nitrous oxide are formed 
and desorbed immediately. This model also includes the formation and decomposition of N2O which 
is an important inclusion not possible for mechanisms studied under vacuum. 
Kraehnert developed the same model further by including the re-adsorption of nitric oxide. However 
the decomposition of NO was not considered. The model was validated at low temperatures 280-
380°C, and some of the kinetic parameters were found from data fitting (Kraehnert, 2005). 
 
2.4.6.2 The Scheibe model 
Scheibe built a model that is valid for low pressures, less than 10-6 bara – which was validated 
experimentally between 200 and 700°C (Scheibe, 2003). Low pressure is required to ensure that 
mass transport limitations can be neglected. However this means the model excludes nitrous oxide 
formation. For industrial applications the determination of N2O formation is of the utmost 
importance. Nitrogen and nitric oxide are formed by the same reactions used in Rebrov’s model. 
This model, as with Rebrov, assumes that the rate limiting step for ammonia activation is the 
removal of the first proton by surface oxygen. The hydroxide stripping reaction is ignored due to the 
low concentration of hydroxide on the surface in comparison to adsorbed oxygen. Hence the entire 
hydrogen stripping mechanism can be reduced to one reaction, which is shown as Reaction 2.4.9. In 
this case only one surface oxygen atom is required - as opposed to Rebrov’s three - leaving two 
surface hydrogen atoms and one hydroxide. 
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𝑁𝐻3(𝑠) + 𝑂(𝑠) + 2𝑃𝑡(𝑠) → 𝑁(𝑠) + 𝐻(𝑠) + 𝐻(𝑠) + 𝑂𝐻(𝑠) 2.4.9 
The production of surface hydrogen in this step leads to the second major difference between 
Rebrov and Scheibe’s mechanisms. There is no surface hydrogen in Rebrov’s model, and as such 
there are three reactions that are omitted from his reaction mechanism which Scheibe has included 
shown as Reactions 2.4.10, 2.4.11, and 2.4.12. These are the formation of hydroxide from surface 
oxygen and hydrogen, the formation of desorbed water from surface hydrogen and hydroxide, and 
lastly the desorption of hydrogen. The two desorption reactions are considered to be irreversible as 
the pumping rates are high, and the conversion is low. 
 𝐻(𝑠) + 𝑂(𝑠) → 𝑂𝐻(𝑠) + 𝑃𝑡(𝑠) 2.4.10 
 𝑂𝐻(𝑠) + 𝐻(𝑠) → 𝐻2𝑂 + 2𝑃𝑡(𝑠) 2.4.11 
 𝐻(𝑠) + 𝐻(𝑠) → 𝐻2 + 2𝑃𝑡(𝑠) 2.4.12 
 
2.4.6.3 The Traversac model 
Traversac validated a model at atmospheric pressure and temperatures ranging from 200 to 1000°C 
(Traversac, 2007). Ammonia was delivered at a fixed concentration of 1000 ppm, and experiments 
were carried out in a platinum tube. The model retained the full 22 reversible reactions listed in the 
previous section, and 10 surface species participating in the reactions. This makes Traversac’s model 
not only the most comprehensive, but also the most robust. The use of reversible reactions gives 
Traversac’s model the best thermodynamic consistency. By not simplifying reactions he does not 
exclude the potential for different pathways to occur under different conditions. 
However the experiments used to validate his model were carried out in the mass transfer limited 
region of operation, and as such are reliant on the ability of his model to predict mass transfer rates 
in tubes at atmospheric pressure. It should be noted that this is the same limitation that any model 
would have in predicting ammonia combustion under industrial conditions. Ammonia concentrations 
of 1000ppm were much lower than those found in a commercial plant. 
The full mechanism proposed by Traversac is shown in Figure 2.4.3. The left column shows the 
ammonia activation, which under industrial cases is achieved by either surface oxygen or hydroxide. 
The water mechanism shown on the upper right of the mechanism is important in the ammonia 
activation and its connection is shown by the blue arrows. Finally the bottom row of the figure 
shows the surface reactions involved in forming nitrogen, nitric oxide or nitrous oxide on the 
surface, and the subsequent desorption. 
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Figure 2.4.3 The ammonia oxidation mechanism used in Traversac’s micro kinetic model, illustrating the full reaction 
mechanism for ammonia oxidation (Traversac, 2007). 
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2.5 Conclusion 
The review has given an introduction to ammonia combustion in the context of nitric acid 
manufacture, shown present practice and a historical overview of how conditions of operation came 
about. It has been demonstrated that present operations are very similar to conditions used for 
burners developed between 1910 to 1930. 
Combustion with ballast media other than air, such as water, was presented. There seems to be no 
high quality literature regarding the effect of these media on the resultant combustion products. 
Some Russian literature exists, however it has not been reproduced by others, and many have 
insufficient information to allow for reproduction of the results presented. 
Literature on reaction kinetics, mass transfer in gauzes, and effect of parameters in industrial 
combustion was presented. The mass transfer mechanisms were shown to be well understood, and 
data from a large number of studies was shown to correlate well. The effect of combustion 
parameters for industrial oxidation was demonstrated to be poorly understood, and over 
generalised. This area of literature requires much greater understanding, and is lacking in a vigorous 
scientific analysis of the effect of individual variables. The mechanism by which ammonia is oxidised 
on platinum was introduced, as was its further application in kinetic modelling. Both the mechanism 
and the models are well developed, however application and validation to industrial conditions is 
lacking.  
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3 Experimental setup 
The experimental data shown in the following chapters was obtained on an experimental burner 
designed to combust ammonia in oxygen, with a ballast gas of steam. A number of experimental 
burners have been built in the past century to find optimal conditions for industrial combustion in 
air.  However for combustion in the case of steam and oxygen, only one other instance can be found 
in the literature (Zasorin et al., 1968). 
The burner designed and built for this thesis can consume up to 0.29 kg.hr-1 of ammonia, at 
pressures from 1 to 4 bara, and temperatures from 600 to 900°C. When compared to a typical nitric 
acid plant - which burns 17,500 kg of ammonia per hour - the burner is of order 105 times smaller 
than industrial practice. This reduction in scale is the same order of magnitude as other test burners. 
Where this burner does differ from previous test burners, it appears that this is the first where the 
variables of gauze temperature, pressure, ammonia concentration, oxygen to ammonia ratio, and 
ballast media can be controlled substantially independently of each other. 
This chapter begins by outlining the operating parameters of current industrial ammonia air burners. 
The data has then been applied in the design of the burner used in this thesis to ensure compliance 
with industrial conditions. An overview is given for the experimental setup used for this thesis, 
including potential design pitfalls. Finally a description is given as to how analytical measurements 
were taken, and estimates of experimental errors in the results are provided.  
 
3.1 Design parameters in ammonia oxidation 
In order to build a burner that can be used to optimise industrial ammonia combustion, it must be 
able to mimic the conditions used in commercial operation at present. There are three variables to 
be matched; combustion pressure, gauze temperature, and catalyst loading. 
 
3.1.1 Gauze temperature and pressure of operation 
The temperature of operation is correlated with the pressure of operation. There is no clear 
reasoning in the literature why this would be the case, but there appears to be a definite trend. At 
higher pressures the air compressor raises the temperature of the air, and in some instances the air 
is preheated by the hot combustion gases. The temperature of the gauze (𝑇𝑔𝑎𝑢𝑧𝑒) is determined by 
the temperature of the gas entering the burner (𝑇𝑖𝑛𝑙𝑒𝑡), and the volume percentage mole fraction of 
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ammonia (𝑥𝑁𝐻3) in the gas mixture. A simple empirical relation for the adiabatic temperature rise for 
combustion in air is given as (Hatscher et al., 2008; Thiemann et al., 2000): 
 𝑇𝑔𝑎𝑢𝑧𝑒 = 𝑇𝑖𝑛𝑙𝑒𝑡 + 68𝑥𝑁𝐻3 3.1.1 
There is a second empirical relationship, which is more comprehensive. It includes the total pressure 
(𝑃), water vapour partial pressure (𝑝𝐻2𝑂) and the percentage NO yield (𝛼) (Atroshchenko & Kargin, 
1949; Honti, 1976): 
 𝑇𝑔𝑎𝑢𝑧𝑒 = 𝑇𝑖𝑛𝑙𝑒𝑡 + (757 − 2.16𝛼)𝑥𝑁𝐻37.43 + 0.0384𝑥𝑁𝐻3 + 8.93 � 𝑝𝐻2𝑂𝑃 + 𝑝𝐻2𝑂� 3.1.2 
As the selectivity of ammonia to NO is dependent on the temperature this is not a trivial equation to 
solve. Overall, it is generally sufficient to apply a rule of thumb that a one percent increase in the 
ammonia mole fraction equates to an adiabatic temperature rise of approximately 70°C.  
Figure 3.1.1 below shows the relationship between pressure and temperature of operation for plant 
data in the literature. As the pressure rises there is a linear rise in temperature, continuing to the 
upper limit for the temperature of the burner. This upper bound is typically 950°C, the upper 
working temperature for higher temperature steels such as Inconel or Haynes alloy. 
The materials in the burner in this thesis enable a maximum operational temperature of 900°C. 
Given this maximum temperature, it suggests a maximum pressure of operation of less than 5 bara.  
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Figure 3.1.1 The gauze temperature of industrial burners as a function of pressure. Data collected for this thesis which is 
given in Table A.1.3 and Table A.1.4. 
 
3.1.2 Burner loading 
Burner loading is a metric defining how much ammonia a burner can convert. However the 
definition of burner loading is somewhat ambiguous and interpreted in a number of ways. There are 
six commonly used definitions: 
1. The superficial burner loading. This is the superficial mass flux of ammonia for the burner, 
with units given in mass flow of ammonia per burner cross sectional area. This metric gives a 
good understanding of the size of the burner required for given plant capacity, independent 
of the catalyst used. The equation below shows the superficial ammonia mass flux, where 
?̇?𝑁𝐻3 is the mass flow of ammonia, and 𝐴𝑏𝑢𝑟𝑛is the cross sectional area of the burner: 
 𝐺𝑁𝐻3 = ?̇?𝑁𝐻3𝐴𝑏𝑢𝑟𝑛 3.1.3 
2. The gauze Reynolds number. As burners operate in the mass transfer limited regime, the 
Reynolds number - which is independent of pressure12
                                                          
12 Mass flux, unlike volumetric flow or velocity does not change with pressure. Similarly viscosity does not 
change with pressure, so writing Reynolds number as 𝐺𝑑𝑤𝑖𝑟𝑒
𝜇
 it is clear that the Reynolds number will also be a 
 - gives a direct measure of the mass 
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transfer rate. By use of the HTU method described previously, the Reynolds number and a 
mass transfer correlation also gives the number of gauzes required. The Reynolds number 
can be given in three forms, by using either the superficial mass flux: 
 𝑅𝑒 = 𝐺𝑑𝑤𝑖𝑟𝑒
𝜇
 3.1.4 
or the interstitial mass flux. This interstitial mass flux is either based on the fractional open 
area (𝛾);  
 𝑅𝑒𝛾 = 𝐺𝑑𝑤𝑖𝑟𝑒𝜇𝛾  3.1.5 
or the fractional open volume (𝜀): 
 𝑅𝑒𝜀 = 𝐺𝑑𝑤𝑖𝑟𝑒𝜇𝜀  3.1.6 
3. The flow velocity, typically given at the burner pressure, and the exit temperature. 
Unfortunately the velocity is often used without specification of any basis for its calculation. 
As such it is a difficult metric to use to compare burners, and a relatively poor one as the 
flow conditions are so important. For example, the velocity in a high pressure plant may be 
ten times that at atmospheric pressure. However expressed as a Reynolds number, there is 
a hundred fold increase, and hence a substantial change in the mass transfer rate. 
4. The mass flow of ammonia per day per active surface area of gauze (Atroshchenko & Kargin, 
1949). This figure gives the number of gauzes, for a given diameter of reactor and plant 
capacity. A metric used predominantly by engineers in the USSR as there were only three 
different types of burner, each with fixed design capacity, and diameter. For the AKL-72, TZ-
300 and UK-7, the diameters are 1650, 3000 or 4000 mm respectively. The mass flux – 
which was set by the burner diameter and capacity, was not of as much of an interest as the 
number of gauzes required for the burner. The equation below shows how the loading 
based on the surface area is calculated. 𝐴𝑐𝑎𝑡is the surface area of the whole gauze pack, 
which can be written in terms of the surface area per unit volume for a gauze (𝑎), the 
thickness of one gauze (𝑡𝑔), the number of gauzes (𝑁𝑔), and cross sectional area of the 
burner. 
 ?̇?𝐴𝑁𝐻3 = ?̇?𝑁𝐻3𝐴𝑐𝑎𝑡 = ?̇?𝑁𝐻3𝑎𝑡𝑔𝑁𝑔𝐴𝑏𝑢𝑟𝑛 3.1.7 
                                                                                                                                                                                    
pressure independent definition of the loading. A derivation of this effect of pressure on the mass transfer rate 
is given in chapter 5. 
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5. Ammonia mass flow per mass of platinum. This metric as with the last gives the number of 
gauzes required for a given diameter, capacity and gauze type. Importantly, however, this 
metric gives an estimate of the inventory of platinum in the burner, and hence the cost of 
the catalyst required. The loading based on the mass of platinum is shown below. The mass 
of platinum (𝑚𝑃𝑡) can be written in terms of the mass of gauze per unit area (𝛽), the 
number of layers of gauze, and the burner cross sectional area: 
 ?̇?𝑀𝑁𝐻3 = ?̇?𝑁𝐻3𝑚𝑃𝑡 = ?̇?𝑁𝐻3𝛽𝑁𝑔𝐴𝑏𝑢𝑟𝑛 3.1.8 
Figure 3.1.2 below shows the superficial burner loading as a function of gauze temperature for 
plants on a log scale. This linear log rate as a function of temperature had not been shown in the 
literature before, and this is the first time it has been presented. However what has been 
acknowledged is that, as temperature rises, so does the reaction rate. It has been claimed to double 
every 100°C (Honti, 1976).  
A rate doubling every 100°C, gives an activation energy of 71 kJ.mol-1, on the other hand, the 
apparent activation energy from the figure below is much higher at 512 kJ.mol-1, resulting in the rate 
doubling every 10°C.    
For the temperatures between 800 and 900°C, a range of loading from 500 to 15,000 kgNH3.d-1.m-2 
would replicate industrial burner loadings. This has been taken into account in the design of the 
burner. 
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Figure 3.1.2 The ammonia loading of the burner for current plants as a function of gauze temperature, with the line 
showing 512 kJ.mol-1 apparent activation energy. Data has been collected for this thesis, and is given in the Table A.1.3 
and Table A.1.4. 
 
3.1.3 Previous test rigs 
There have been a number of test rigs built to study ammonia combustion in air. The first were built 
in the early days of the process to find conditions for the first plants. In the 1920s DuPont built a 
burner to test conditions required for pressure combustion. In the 1980s catalyst manufactures built 
experimental burners to test the new designs of catalyst packs. A table is included in the Appendix 
A.1 with the relevant burner parameters for comparison with the rig presented in this thesis. 
Only one reactor for combustion of ammonia in ballast media other than nitrogen has been 
published. Others may have been built for use in commercial research, and may have not been 
openly acknowledged. The burner for combustion in steam was built by a research group in the 
USSR, and was used to optimise NO production. Experiments were first carried out on platinum 
(Zasorin et al., 1968), and later on dual stage platinum and cobalt oxide catalyst (Zasorin et al., 
1969).  The experimental rig operated at atmospheric pressure, and gauze temperatures from 820 to 
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1070°C. Gauze loadings ranged from 1800 to 4500 kg of ammonia per day per m2 of burner, a mole 
fraction of ammonia between 10 to 18 volume percent, and ammonia to oxygen ratios from 1.2 to 3. 
The burner diameter is not explicitly given, but from data in the text can be estimated to be 90mm. 
As such is approximately twice the size of the reactor used in this thesis, but with loadings in a 
similar range.  
Figure 3.1.3 below shows the experimental step-up employed by Zasorin et al. Ammonia and oxygen 
were taken from gas cylinders, and their mass flows set by orifice flow controllers. The ammonia and 
oxygen met in a mixer (1), and were then passed upward through a layer of water on a wire mesh 
plate (2). At this stage the ammonia oxygen mixture was saturated with water vapour, the degree of 
which was set by the temperature of the water. Water was fed in from a pressurised tank (3), and 
the height of the water layer was determined by the height of a drain (8). The water temperature 
was a balance between the radiative heating from the gauze catalyst, and the flow of fresh water on 
to the mesh plate (2). The catalyst was platinum alloy gauze, exact composition unknown. 
Temperatures before and after the gauze were measured by thermocouples (7). The combustion 
gases were then cooled, and passed through a single tube condenser (5), and finally passed into a 
separator (6).  
The experimental setup shows several shortcomings which have been avoided in the setup 
employed in this thesis. The first is that the flow rates are not accurate, especially the flow of steam 
which is highly dependent on the gauze temperature and make up water flow rates. This has been 
modified in the setup in this thesis by use of a steam generator fed with an accurate mass flow 
meter. The gas temperature in Zasorin’s setup was determined by several variables, such as 
ammonia mole fraction, oxygen to ammonia ratio and make up water temperature. This has been 
simplified in the reactor in this thesis so that the gas temperature can be varied independently of 
other variables. The aim of the experimental setup designed and built for this thesis is to have a 
burner that operates truly independently, unlike any test reactors before it. 
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Figure 3.1.3 The test rig used for ammonia combustion in steam. Labels given in text. (Zasorin et al., 1968). 
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3.2 Experimental setup 
Figure 3.2.1 below shows a simplified process flow diagram of the experimental setup built for this 
thesis. Five feed gases are supplied to the burner. The mixture contains approximately 10 percent 
ammonia, 20 percent oxygen, 5 percent argon, 0.5 percent helium and balance steam. The gases are 
fed into the base of the reactor, and passed over a platinum catalyst. The catalyst pack is electrically 
heated to ensure that the gauze temperature can be set independently of variables such as the 
ammonia mole fraction or pre-heat temperature. The hot combustion gases are then directed out of 
the top of the reactor where they are cooled to 150°C. Following this first stage of cooling, the gases 
pass through to a condenser absorber - similar to that used by Zasorin – where the nitrous gases are 
absorbed in to the condensed water ballast. The gas and liquid fractions are then separated, with 
the liquid being collected in a carboy. The gas is sent to a Micro Gas Chromatograph (μGC) for 
analysis, and then vented into a scrubber to remove residual NOx and acid vapour. The following sub 
sections describe the individual parts of the burner. 
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H2O
Reactor
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Nitric Acid
Pump
Steam
generator
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F
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F
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Figure 3.2.1 A process flow diagram for the burner. 
 
3.2.1 Reactant delivery 
Five different reactants supplied to the reactor: ammonia, steam, oxygen, argon and helium. 
Individual experiments have been carried out with N2O added to the feed, however this is not done 
under normal conditions. 
Ammonia is supplied at 16 bara, which at room temperature is liquid. The flow of liquid ammonia is 
controlled by a Coriolis meter, with a maximum flow of 0.29kg/hr. As gaseous ammonia is required 
for the reactor, the liquid is vaporised in a heat exchanger. It is very important that the ammonia is 
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liquid – and hence incompressible - when it enters the heat exchanger, as a “hard inlet” is required. 
Failure to achieve this condition causes oscillations in the flow of gaseous ammonia. This effect has 
been seen by others conducting boiling experiments in micro channels (Liu, 2011). The exit 
temperature of the vaporiser is measured to ensure that gas delivery from the heat exchanger is at 
steady state, and that the ammonia is indeed gaseous. After the vaporiser the pressure is reduced 
across a needle valve to the pressure of the reactor. 
Water is supplied at pressure of 5 bara from a Teflon lined gear pump, and metered by use of a 
Coriolis meter at a maximum flow of 1.5kg/hr. The water then proceeds to a heat exchanger where 
it is boiled, and produces high quality saturated steam. It is this step in the process that determines 
the maximum pressure of operation. The temperature pinch point for this exchanger allows for a 
maximum of 4 bara of steam generation. The steam produced in the heat exchanger is passed to a 
3kW electrical super heater, where it exits at a temperature greater than 200°C.  
Oxygen, argon and helium are supplied from gas cylinders at purity higher than 99.99%, and are all 
metered by thermal mass flow controllers. The helium is required as a non condensable tracer gas, 
and its use is explained later in this chapter. The addition of argon has two functions. The first is to 
allow a reduction in the oxygen to ammonia ratio without a reduction in the total flow. The second is 
to act as a sweeping flow in the ammonia line. Argon could not be used as a tracer gas as it cannot 
be distinguished from oxygen on a μGC. 
Table 3.2.1 below shows the data for the mass flow controllers used for the burner, and the gas 
supply. The Coriolis meters were calibrated by Brooks. The thermal mass flow controllers were 
calibrated by use of a DryCal flow calibrator. Calibration curves are given the Appendix A.2.1. 
Mass flow 
controller 
Flow range Accuracy Make and Model Feed purity Supplier 
Ammonia 0.06 – 0.29 kg/hr 0.2% rate Brooks - QMBM 99.7% BOC 
Water 0.5 – 2.4 kg/hr 0.2% rate Brooks - QMBM De-ionised water - 
Oxygen 0.5 -17.1 slpm 1% full scale Brooks - 5850E 99.9% BOC 
Argon 0.03-0.85 slpm 1% full scale Brooks - 5850E 99.99% BOC 
Helium 3-85 sccm 1% full scale Brooks - 5850E 99.999% BOC 
Table 3.2.1 The feeds to the burner. 
Condensation of water before reaching the reactor is of great concern. The small flow rates in the 
reactor mean small heat losses can easily cause condensation. Not only will this disturb the mass 
balance due to holdup of flow, but also leaves the potential for steam explosions. Steam explosions 
occur when water droplets entrained in the inlet gas stream hit hot surfaces and instantaneously 
boil. This results in a rapid volume increase, damaging the reactor internals. To stop any 
condensation on the inlet to the reactor, the feed has been lagged with a hot water jacket at 170°C. 
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This temperature is well above the dew point of the mixture in the operational pressure range. This 
jacket, without insulation, is shown in Figure 3.2.2. 
The order that the reactants are added is very important, as it ensures that the mole fraction of 
ammonia does not exceed the flammable limit. For this reason steam and oxygen are mixed first, 
after which ammonia is added.  
A flow of non condensable sweeping gas must be added to the ammonia; as explained above argon 
is used. The gaseous ammonia has a propensity to make hydrous ammonia solution when in contact 
with water. When the flow of ammonia stops, the stagnant ammonia condenses with steam as 
ammonium hydroxide droplets. These can give rise to a steam explosion if they are swept out upon 
resumption of flow, as mentioned above.  
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Figure 3.2.2 The jacketed feed, showing where the gas feed inlets are placed, and the hot water flow in and out of the 
jacket. 
 
3.2.2 Reactor 
Broadly the reactor consists of two parts. An outer shell, and an internal burner duct. The outer shell 
is a jacketed cylindrical pressure vessel, allowing the reactor to be pressurized, while at the same 
time not allowing condensation to occur. The pressure vessel, its internals, and the jacketed feed 
were designed and commissioned by Sergio Londono, a Senior Process Research Engineer at the 
University Sydney’s Chemical Engineering Department.  Figure 3.2.3 below shows a schematic of the 
reactor in cross section, demonstrating how the parts of the reactor all fit together. The reactor can 
be broken into five separate parts, which are described in the next sub sections.  
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3.2.2.1 The pressure vessel 
The outer shell of the reactor is a doubled walled stainless steel pressure vessel, rated to operate up 
to 10 bara. It consists of a top and bottom flange, sandwiching a tubular middle section. All three 
pieces are compressed together by eight bolts, with a seal being made by Teflon gaskets. The 
bottom flange sits on a stand, elevating it a metre off the floor. This allows the jacketed feed to sit 
under the reactor. A ¼ inch stainless steel pipe feeds the reactants from the jacketed feed, through 
the bottom flange and into the reactor. Similarly a 1 inch pipe allows the hot combustion gases to 
exit through the top flange.   
A number of ports have been built into the reactor. As with the inlet and outlet tubes, these ports 
have been welded through the reactor double walls, and allow thermocouples and electrical 
feedthroughs into the reactor while maintaining a pressure seal. 
Hot compressed water flows around the reactor sections within the double wall, ensuring the 
internals of the reactor can be maintained at 170°C. As with the jacketed feed, this constant wall 
temperature ensures that there can be no condensation in the pressure vessel. 
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Figure 3.2.3 A cross section schematic of the reactor, not to scale. 
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Figure 3.2.4 The jacketed reactor. Blue arrows show the flows of hot water in and out of the flanges. Red arrows show the gases in 
and out of the reactor. 
 
3.2.2.2 Reactor duct 
Inside the pressure vessel are two square ducts, made from high temperature stainless steel. The bottom 
duct is bolted to the bottom flange of the pressure vessel. This directs the flow of reactants from the bottom 
flange to the gauze catalyst. A second duct sits above the gauze, compressing the gauze between it and the 
bottom duct. The top duct directs the hot combustion gases from the gauze out through the top flange of 
the vessel.  
Two sizes of duct have been used, 30 and 45 mm internal cross sectional width, and 100mm high. These two 
sizes give two different ranges of gauze loading, and allow gauze loadings from 800 to 4,000 kgNH3.d-1.m-2 and 
1,900 to 9,500 kgNH3.d-1.m-2. The ducts are made from Sandvik Alloy 253MA, a special high temperature 
stainless steel that is suitable for high oxygen concentrations.  
The internal faces of the duct were lagged with four quartz glass plates, 1.5 mm thick. Quartz is much less 
catalytic than the steel, reducing the ammonia decomposition. The addition of glass plates reduces the duct 
internal cross sectional area. The 30mm duct has an internal width of 26mm, whereas the 45mm duct has a 
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width of 42mm. By adding even more glass plates, the range of the loading can be increased even more. 
How the glass plates are installed can be seen in Figure 3.2.6. 
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Figure 3.2.5 The reactor internals, with a 30mm duct installed. 
For each size of duct, installation was the same, and the assembled internals can been seen in Figure 3.2.5. 
The duct was bolted to the bottom flange of the pressure vessel with an alumina gasket placed between. 
This ensured that none of the reactants could bypass the gauze. On the top face of the duct a second 
alumina gasket was placed for the same reasons. The gaskets sandwiching the gauzes also act to electrically 
insulate the metal duct from the current flowing through the gauze. How the alumina gasket was installed 
above the gauze is shown in Figure 3.2.7.   
 
3.2.2.3 Flow distribution 
It is important to ensure that the flow across the whole gauze is evenly distributed. In the case of this burner 
a 3mm diameter feed tube enters the 30 or 45mm burner duct. This results in a very large change in flow 
velocity, and there is a risk that flow will not be evenly distributed by the time it reaches the gauze. It is a 
problem which has affected designers on an industrial scale too, and many burner designs have struggled to 
ensure that there is even flow across the gauze. To rectify this problem some designs have long entrance 
length going up to their gauze (Landis, 1919; Partington, 1918). Others increased the pressure drop across 
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the gauze pack (Gillespie & Kenson, 1971). The early BAMAG design of burner introduced a bed of Raschig 
rings upstream of the gauze (Wendlandt, 1949).  
The BAMAG approach was used in the design of this burner, by using a 50mm deep bed of silica quartz 
Raschig rings. The rings are 3mm outside diameter, 2mm inside diameter, and 3mm long. As with the glass 
plate, the choice of silica quartz glass is to reduce the decomposition of ammonia to nitrogen before 
reaching the gauze. Figure 3.2.6 below shows these Raschig rings installed in the bottom duct. 
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Figure 3.2.6 The Raschig rings used in the reactor. 
 
3.2.2.4 Gauze heating 
It is very important that the temperature of the gauze can be controlled independently of the inlet 
temperature, the mole fraction of ammonia in the feed, the heat losses of the system, and the degree of 
reaction on the gauze. This allows a reduction in the number of burner parameters that are linked, which in 
many previous experiments has been the case. 
An early solution to controlling the gauze temperature independent of inlet temperature was to heat the 
gauze by passing electric current across it. BAMAG had initially designed their burners this way, with Landis 
and Partington using this technique too. For the burner in this thesis, this was also the method employed. 
Electrical power is supplied by a 1.6 kW supply, which can provide a maximum of 8 volts and 200 amps. Two 
nickel feedthroughs allow the current to pass through in to the pressure vessel providing a pressure tight 
seal up to 10 bara. Nickel was chosen for its chemical inertness, and high conductivity. The resistance of the 
gauze is very low – about 0.01 ohms – and it is important that the feedthroughs have a low resistance also. 
Otherwise the majority of the power is dissipated in the feedthroughs rather than the gauze. 
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Each feedthrough is fixed to a nickel clamp on either side of the duct. The platinum gauze pack is held taut 
between the clamps. This is shown in Figure 3.2.7 from above, and from the side in Figure 3.2.5. By passing 
current through the gauze pack the catalyst is heated, and the degree of power dissipated across the gauze 
is determined by the square of the current flowing through it13
Alumina 
gasket
Platinum 
gauze
Nickel
Clamp
. As the number of gauzes in the pack is 
increased, the resistance in the catalyst is reduced and more current must be applied to deliver the same 
power. 
 
Figure 3.2.7 The gauze heating. 
 
3.2.2.5 The compressed water loop 
For successful operation, the burner has a compressed water loop to fulfil three functions. Firstly hot 
compressed water is needed to ensure that there is no condensation in the system. Several sections of the 
burner have been jacketed, which have a constant flow of hot water through them. Secondly there is also a 
hot water requirement for the two vaporizer heat exchangers in the burner; the steam generator, and the 
ammonia vaporiser. Finally there is also a need for cold compressed water to cool the hot combustion gases 
before they reach the absorber. 
To provide this water there is a compressed water loop. The loop starts at the 50 litre tank, which provides 
water to a progressive cavity pump. This provides a recirculation loop at 13 bara, and 100 Lph. It is shown as 
the thicker gauge line in process flow diagram in Figure 3.2.8. Three streams tap off from this loop; a steam 
generation stream, a jacket stream and a cooling stream. All the flows are controlled by high pressure 
rotameters. 
                                                          
13 The power dissipated is 𝐼2𝑅𝑔𝑎𝑢𝑧𝑒, hence the resistance of the gauze pack needs to be measured to know the power 
dissipated across the gauze. This was done by measuring the voltage drop across the pack for a range of currents and 
gauze temperatures. 
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The steam generation stream of 25 Lph is sent to a 6kW electrical water heater which raises the temperature 
of the water to 170°C. This hot water is sent to the heat exchanger used to raise steam, where it exits at 
70°C. The water is fed straight into another heat exchanger, flowing counter to the jacket stream, and allows 
for some heat recovery to the jacket stream. 
The jacket stream of 45 Lph, leaves the heat recovery exchanger at 60°C, and is heated in a second 6kW 
heater. It leaves the heater at 170°C and proceeds to the jacketed feed. From there it goes to the reactor 
shell, the absorber heat tracing, and finally the ammonia vaporiser. By the time it reaches the vaporiser it is 
at about 140°C. 
The final stream is for the cooling of the hot combustion gases. It is limited to 10 Lph. It flows in a one eighth 
inch external diameter stainless steel coil which is positioned in the exit tube in the top of the reactor. It 
cools the hot gas from the combustor to 170°C, and in doing so the cooling water reaches 155°C. All three 
streams join before being cooled to room temperature in a heat exchanger. The flow passes through a back 
pressure regulator used to control the pressure in all three streams, and is then discharged back into the 50 
litre tank. 
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Figure 3.2.8 A process flow diagram of the compressed water loop. 
 
3.2.3 Catalyst 
Three different types of gauze were used in experiments, two knitted and one woven. Figure 3.2.9 below 
shows the difference between the forms of gauze. The two knitted gauzes were 95 percent platinum with 5 
percent rhodium, with different wire diameter and open area. They were kindly provided by Johnson 
Matthey, Royston, UK and Hereaus, Hanau, Germany. The first knitted gauze will be referred to as Gauze A. 
The gauze is designed for high pressure combustion; it has a larger wire diameter and a tighter weave thus 
84 
 
increasing the strength of the gauze. The second gauze will be referred to as Gauze B. It is much more open 
than the first gauze, has a smaller wire diameter and is designed for low pressure combustion.  The woven 
gauze was pure platinum, and was purchased from Goodfellow, Huntington, UK and will be referred to as 
Gauze C. It is the form of the catalyst used before the 1990s for low pressure combustion. Figure 3.2.9 below 
shows the three different gauzes taken by SEM. The wires are smooth and defect free, with small scratches 
most likely caused in the manufacturing process.  
The salient features of the gauzes are given in the Table 3.2.2. Wire diameter (𝑑𝑤) is provided by the catalyst 
manufacturer, as is the number meshes per cm (𝑁𝑔) for the woven gauze. Gauze thickness (𝑡𝑔) is measured 
by digital vernier callipers capable of measuring to an accuracy of ±0.01mm. Gauze density (𝛽) is calculated 
from gauze mass (𝑚𝑔) measured to an accuracy of 10
-5 gram and gauze area (𝐴𝑔) measured by the same 
callipers used to measure the thickness: 
 𝛽 = 𝑚𝑔𝐴𝑔  3.2.1 
The volume void fraction (𝜀) can also be calculated from these values, using the known density of the wire 
(𝜌𝑤) and the gauze thickness (𝑡𝑔): 
 𝜀 = 1 − 𝑚𝑔𝜌𝑤𝐴𝑔𝑡𝑔 3.2.2 
The surface area per unit volume (𝑎) is another important gauze parameter, and must be calculated as it 
cannot be easily measured. The value is required for calculating the number of gauzes needed, when using 
the HTU approach described in the previous chapter. It is derived assuming that the surface area is that of 
the total length of all the wires (𝐿𝑤) in the gauze
14
 
, and that the area of the touching points make up a small 
fraction of the total surface area:  
𝑎 = 𝜋𝑑𝑤𝐿𝑤
𝐴𝑔𝑡𝑔
= 4𝑑𝑤𝑚𝑔
𝐴𝑔𝑡𝑔𝜌𝑤
 3.2.3 
Area void (𝛾) fraction was determined visually. High-contrast monochrome photos were taken using a 
microscope, white pixels representing the open area, whereas black pixels show the wire area. The pixels in 
the open area were found using BlobFinder, a program developed by Uppsala University. The total of these 
pixels compared to the total number gave the area void fraction. A visual technique was also used for the 
aperture diameter (𝐷) for the woven gauze. For a calibrated image size, the number of pixels between wires 
can give the aperture. 
 
                                                          
14 The total length of all the wires in the gauze comes from the rearrangement of 𝑚𝑔 = 𝜌𝑤 14 𝜋𝑑𝑤2𝐿𝑤 
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The final term of interest is the surface area per area of gauze (𝜔): 
 𝜔 = 𝐴𝑠𝑢𝑟𝑓
𝐴𝑔
= 𝑎. 𝑡𝑔 3.2.4 
 
            
 
Figure 3.2.9 Scanning Electron Microscope (SEM) photos. Clockwise from top left; Gauze A (100μm scale), Gauze B (200μm scale), 
and Gauze C (200μm scale) (Photo credits; Jason Mann and Ryan Zhou). 
 
  cm
-1 mm mm m-1 mm - - msurf2.m-2 g.m-2 
 No. of 
meshes 
per cm 
Wire 
dia. 
Gauze 
thickness 
Surf. area 
per vol. 
Aperture 
dia. 
Vol. void 
fraction 
Area void 
fraction 
Surf. area per  
cross sect. 
area 
Gauze 
density 
Type 𝑵𝒎𝒆𝒔𝒉 𝒅𝒘 𝒕𝒈 𝒂 𝑫 𝜺 𝜸 𝝎 𝜷 
Gauze A - 0.075 0.66 3925 - 0.93 0.47 2.59 1020 
Gauze B - 0.060 0.23 5233 - 0.92 0.65 1.20 379 
Gauze C 1024 0.060 0.12 10053 0.25 0.83 0.70 1.20 428 
Table 3.2.2 The parameters of the gauze catalysts used in experiments. 
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3.2.4 Absorber 
The absorber used in these experiments is not the same as the type of absorber used in industrial 
production. It is a printed circuit heat exchanger. It has 16 semi circular channels, each 1.05mm in diameter, 
and 1200mm long. The pressure drop across the absorber is 0.03 bar, for the range of flow rates investigated 
here. 
The mechanism by which the nitrous gases are absorbed is complex and has been investigated previously on 
a smaller scale in single tubes (Lee, 2011). The complex mechanism will not be covered here; however a 
simplified explanation can be given. Steam in the post combustion mixture is condensed in the heat 
exchanger. At the same time the nitrous gas is oxidised and adsorbed into the condensate. The high partial 
pressure of oxygen and nitric oxide in the gas phase helps oxidise the NO to NO2 rapidly, and as such offers a 
high efficiency of absorption in a compact size. 
From early experiences running the rig it was noted that to achieve good absorption there must be no 
condensation before the inlet to the absorber. Two phase flow before the inlet causes maldistribution in the 
channels of the absorber, with gas passing down some sets of channels, and liquid down others. Hence the 
inlet and header of the heat exchanger had heat tracing installed, and the whole unit was heavily insulated. 
Cold water at 100 Lph was provided to the exchanger at 15 to 25°C, in a counter flow arrangement. Detailed 
efficiencies of the absorber will not be covered in this thesis, but it was able to absorb over 95% of the 
nitrous gas produced at the conditions used. Sample ports on the side were used to determine the efficiency 
of the absorber, which can be seen in Figure 3.2.10.  
87 
 
Sample ports
Combustion
gases
Nitric acid
& N2, N2O, Ar, O2
Trace
heating
Cooling water
in
Cooling water
out
Insulation
 
Figure 3.2.10 The absorber, a Heatric printed circuit heat exchanger. 
 
3.2.5  Separator 
After the absorber it is necessary to separate the liquid fraction from the non condensable gas fraction. The 
liquid is acid of less than 32 weight percent, and has a light blue-green colour, which comes from the nitrous 
acid and dissolved N2O3.  The gas fraction contains unreacted oxygen, argon, and helium, nitrogen from 
combustion, and some unabsorbed NO and NO2. The NO2 gives the gas a light brown tint. 
Figure 3.2.11 below shows the absorber in operation, showing the colour of the liquid and gas fraction. The 
flow of the liquid is controlled by use of a needle valve, and is collected in a 15 litre carboy. Periodic liquid 
samples were taken to test the degree of absorption, and the presence of ammonium ions assessing the 
degree of conversion of ammonia. The pressure of the system is controlled by use of a back pressure 
regulator for the gas fraction. A bypass valve enables there to be no back pressure to the system. 
Once the gas has passed the regulator, it is vented through a water scrubber to remove residual nitrous gas. 
Gas samples are taken to measure the oxygen, nitrogen, nitrous oxide and helium in the gas for a measure of 
the efficiency of oxidation.  
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Figure 3.2.11 The separator, back pressure regulator and the needle valve. 
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3.3 Analytical measurement 
This sub section discusses how the results of the experiments were determined. The first sub section details 
how the quantity of the products in the gas and liquid phase are found. The second discusses the method by 
which the results were determined from the raw data. Finally the degree of uncertainty in the results is 
presented. 
 
3.3.1 Gas phase sampling system 
The sampling of the concentration of products in the gas phase is very important, and it is how the selectivity 
of ammonia to nitrogen and nitrous oxide are determined. Figure 3.3.1 shows how the gas sampling is 
achieved. The sampling system is not in constant operation, and is only used when steady state has been 
considered to be reached and samples are required. Normally the gas at the end of the process is sent to the 
scrubber system. When a gas sample is to be taken, the process gas is then diverted to the gas sampling 
system, where it is directed to two gas scrubbers in series. After it has had the NOx removed, the flow is split 
into two. Approximately 300 sccm is sent on to the next stage, while the remainder is purged to a vent. A 
constant flow of 300 sccm is achieved by use of a rotameter. This fraction is then dried, before being passed 
to a Micro Gas Chromatograph, which removes a small sample with the rest then being vented. 
The Micro Gas Chromatograph is able to give the mole fractions of helium, oxygen, nitrogen and nitrous 
oxide in the sample gas. The conversion of these mole fractions to a selectivity is dependent on the flow of 
helium, and helium’s relative mole fraction to other species. As mentioned before, helium is added to the 
oxygen feed, and is done so at a very precise flow of 61.0 sccm. After combustion and absorption, it should 
still have the same flow rate as it is inert and insoluble. Hence the concentration ratio of nitrogen to helium, 
coupled with a known flow of helium, can give the flow of nitrogen produced by combustion. This flow along 
with the known flow of ammonia into the burner gives the selectivity of ammonia to nitrogen, and the same 
technique is also used for nitrous oxide. The methodology is shown in the data evaluation section of this 
chapter. The next section outlines the three parts to the sampling system.     
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Figure 3.3.1 A process flow diagram of the gas sampling system. 
 
3.3.1.1 Gas sample scrubber 
To protect the μGC it is necessary to remove the NOx from the sample gas. This is achieved by use of two gas 
scrubbers in series. Both scrubbers are 1 litre Drechsel bottles with fritted dip tubes. The fritted ends give 
much finer bubbles than an open end, and hence better absorption of the NOx into solution. 
Both Drechsel bottles are filled with 1 Molar sodium hydroxide solution. There are several reactions that 
occur to remove both NO and NO2 (Carta, 1984; Kuropka, 2011).  By using gas titration, this scrubbing 
method has been shown to remove all the NOx from the sample gas stream. 
 
3.3.1.2 Gas sample dehumidifying 
As the gas sample is sent through two scrubbers, it will become saturated with water vapour. As the reaction 
of the nitrous gases with the sodium hydroxide is exothermic, the gas stream will then be saturated with a 
partial pressure of water above the dew point at room temperature. This high concentration of water vapour 
is not suitable for the μGC nor is the possibility of liquid water entering it acceptable. Hence the sample gas 
stream must be dried. Dehumidifying is carried out in two stages, with the first carried out to a dew point of 
0°C, which also removes any liquid water. The sample gas is passed through a 50 cm coil of one eight inch 
Teflon tube placed in an ice bath. This is fed into a separator, where the liquid fraction is collected. 
The gas then passes through to the second stage of drying, which is carried out by a Perma Pure dryer (PD-
50T 12”). This is a membrane dryer which transfers the moisture of the sample gas to the counter flowing 
dry purge gas across a Nafion membrane. Most importantly only the water is transferred, as none of the 
other gases are able to permeate the membrane. The purge gas used is argon which is provided at 1 slpm, 
over double the flow rate of the sample. The two stages combined give a dew point of well below -25°C. 
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3.3.1.3 The Micro Gas Chromatograph 
The Micro Gas Chromatograph used was a Varian CP-4900. The μGC has two columns, a Molecular sieve 5A 
(Mol sieve) and a PoraPlot Q (PPQ) column. The Mol sieve column was run with an argon carrier gas, and was 
able to measure the mole fractions of helium, oxygen, and nitrogen. The PPQ had a helium carrier gas, and 
was able to measure the mole fraction of nitrous oxide. 
The calibration of each of the gases was done in the ranges shown in Table 3.3.1. The calibrations curves are 
linear in the ranges given. Calibration curves for the μGC are given in the Appendix, section A.2.2.  
 Calibration (v%) Typical Range (v%) Calibration gas μGC 
accuracy (%) Gas Lowest  Highest  Lowest  Highest  Type Rel. error (%) 
Helium 1.3 13.4 4 10 100% He 0.001 0.87 
Nitrogen 2.6 78.09 3 10 Dry air 1 1.32 
Oxygen 0.7 20.95 0 30 Dry air 1 1.32 
Nitrous oxide 0.1 5.0 0.3 3 4.89% N2O 
Bal. Ar 
2 2.18 
Table 3.3.1 The calibration ranges for the μGC, and the typical mole fractions in the tail gas. 
The setup for calibration of the μGC is shown in the figure below. The reference standard gas is metered by 
use of a thermal mass flow controller, and the flow is accurately measured using a Drycal flow calibrator 
which provides a relative accuracy of flow measurement of 0.5 percent. After the first Drycal a second mass 
flow controller adds argon, at a purity of 5.0, to the calibration gas flow. The combination of these two flows 
then passes through a second Drycal which gives the total flow rate to an accuracy also better than 0.5%. 
The mixture is then sent to the μGC, which removes a small sample, and has a relative error repeatability of 
less than 0.5 percent15
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MFC
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DryCal DryCal
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Figure 3.3.2 A process flow diagram of how the Micro Gas Chromatograph was calibrated. 
 
                                                          
15 To calculate the total error from the individual errors, a propagation of error method has been used. There is 
assumed to be no covariance between the individual errors. For propagation of errors for the function 𝑓 = 𝐴𝐵 or 𝑓 =
𝐴
𝐵
, the relative error of the function (𝑒𝑓) is given as: 𝑒𝑓2 = 𝑒𝐴2 + 𝑒𝐵2, where 𝑒𝐴 and 𝑒𝐵 are the relative errors of the 
functions A and B. For the function 𝑓 = 𝑎𝐴 + 𝑏𝐵, the absolute error of the function (𝜎𝑓) in terms of the absolute errors 
of A (𝜎𝐴) and B (𝜎𝐵) is 𝜎𝑓2 = 𝑎2𝜎𝐴2 + 𝑏2𝜎𝐵2. 
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3.3.2 Liquid sampling 
The liquid sampling gives the degree of conversion in the form of ammonia ion detection, and the absorption 
efficiency in the condenser absorber. These are both required to achieve a mass balance. 
Any ammonia that is unreacted in the burner will be absorbed into the nitric acid in the absorber. This will 
lead to traces of ammonium ions being detected in the nitric acid solution. Samples were taken, and 
analysed with a Thermo Scientific Orion 9512HPBNWP ammonia ion probe, with repeatability of 2 percent of 
the value. The probe is able to detect down to 5 x 10-7 M of ammonium ions, and as high as 1 M. The probe 
was calibrated at 7.14 x 10-7, 7.14 x 10-5 and 7.14 x 10-3 M using a NH3Cl standard (Thermo Orion Ammonia 
standard 100 ppm as N). The 7.14 x 10-3 M standard was diluted down to 7.14 x 10-5 M by taking 10ml with a 
pipette and releasing it into a 1000ml volumetric flask. The flask was topped up with distilled water. 10ml of 
the 7.14 x 10-5 M solution was then diluted in the same manner to give a 7.14 x 10-7 M standard. With this 
calibration conversion between 99.999 and 95 percent could be measured.  
To determine the concentration of ammonium ions, the following method was used. A 100ml beaker had a 
25ml of 1M NaOH solution added to it, with a magnetic stirrer. The probe was then submersed in the NaOH 
solution. To this 1ml was added to the beaker using a fixed volume pipette. The ammonium ions in the liquid 
were then liberated from solution and detected by the probe. The error of the ammonia concentration 
measured is under 3.76 percent of the value. The error in the 99.999 percent conversion case is ±3.77 x 10-5 
percent conversion, and in the 95 percent case, is ±0.19 percent conversion.         
None of the experiments presented in the next chapter contained any ammonium ions, and hence achieved 
greater than 99.999 percent conversion. In cases where full conversion was not achieved - such as when the 
alumina gaskets were damaged and flow bypassed the gauze – a white fume was visible, and ammonia was 
detected by the probe. It should be noted that it is possible that ammonia that is unconverted by the gauze, 
and may react after the gauze. At low temperatures, below 200°C, ammonia reacts with NO2 in the gas phase 
to form ammonium nitrate: 
 𝑁𝐻3 + 𝑁𝑂2 → 12𝑁𝐻4𝑁𝑂3 + 12𝑁2 + 12𝐻2𝑂 3.3.1 
In the liquid phase the ammonia could react with nitric acid to make ammonium nitrate, or nitrous acid to 
make ammonium nitrite: 
 𝑁𝐻3 + 𝐻𝑁𝑂3 → 𝑁𝐻4𝑁𝑂3 3.3.2 
 𝑁𝐻3 + 𝐻𝑁𝑂2 → 𝑁𝐻4𝑁𝑂2 3.3.3 
Solid ammonium nitrite or nitrate, seen as a white solid, was not seen in the reactor and so if the reaction 
occurred they would be present in the liquid sample. This leads to another possible reaction, the 
decomposition of the ammonium nitrate: 
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 𝑁𝐻4𝑁𝑂3 → 𝑁2𝑂 + 2𝐻2𝑂 3.3.4 
In solution both salts liberate an ammonium ion which would be detected by the ammonium probe. Hence 
any of the reactions above would be seen as incomplete combustion, but only the gas phase reaction would 
give a rise in the N2 selectivity. As full conversion achieved, these reactions appear to be irrelevant here. 
Another possibility is high temperature reaction of ammonia with O2 or NO16
 
. These reactions occur in the 
hot zone (Dixon, 1960, Traversac, 2008). 
𝑁𝐻3 + 34𝑂2 → 12𝑁2 + 32𝐻2𝑂 3.3.5 
 𝑁𝐻3 + 32𝑁𝑂 → 54𝑁2 + 32𝐻2𝑂 3.3.6 
In both these reactions, it would appear that there was a higher N2 selectivity on the gauze. No ammonia 
would be seen by the probe either. Hence one cannot exclude these reactions from occurring, so it should be 
noted that the complete conversion seen in the experiments is for the gauze and the hot zone downstream. 
Titration of the liquid samples was able to give the degree of absorption in the condenser absorber. This was 
required for mass balance purposes. By using titration methods, we were able to ensure that the degree of 
absorption was typically above 99 percent; however in some cases this was as low as 95 percent. Absorption 
of the NOx gases produced predominantly nitric acid, but some nitrous acid was also formed. The titration of 
the sample gives the combined concentration of both acids, as the method cannot distinguish the difference 
between nitric and nitrous acid. The titrations were carried out using sodium hydroxide, and the reactions 
were as follows: 
 𝐻𝑁𝑂3 + 𝑁𝑎𝑂𝐻 → 𝑁𝑎𝑁𝑂3  + 𝐻2𝑂 3.3.7 
 𝐻𝑁𝑂2 + 𝑁𝑎𝑂𝐻 → 𝑁𝑎𝑁𝑂2  + 𝐻2𝑂 3.3.8 
The sodium hydroxide solution was made up from pellets (Sigma-Aldrich SigmaUltra >98%), which were 
dissolved in a 2000ml volumetric flask of deionised water. As the pellets are extremely hygroscopic, and also 
react with carbon dioxide in the air, the exact concentration of the NaOH solution has to be determined. In 
order to do so a 1M HCl standard was made up, and the sodium hydroxide was titrated against it. The 
standard (Merck Titrisol 1M, error less than 0.2%) comes in an ampoule, which was emptied into a 1000ml 
volumetric flask with error 0.3ml. 4ml of the 1 M HCl was measured out in to a 50ml Erlenmeyer flask 
containing 20ml of deionised water. This volume of acid was measured using an Eppendorf fixed volume 
pipette with an accuracy of 0.6 percent. The acid solution in the flask was titrated against a nominally 0.1 M 
NaOH solution contained in a 50 ml burette with 0.1ml gradations. A phenolphthalein indicator was used, 
noting the point at which the solution had just changed from clear to pink. This change in colour occurs in 
                                                          
16 In the high temperature region, above 400°C, very little NO will be oxidized to NO2. 
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the pH range 8.3 to 10. The NaOH solution was titrated twice, which the average of these samples taken as 
the concentration. 
With the concentration of the NaOH solution determined, it could be used to titrate against the nitric acid 
sample taken from the separator after the absorber. A sample of 4 ml was taken using the same fixed 
volume pipette as before, and mixed into 20ml of deionised water in a 50 ml Erlenmeyer flask. Using 
phenolphthalein as the indicator the NaOH was released from the burette until the colour of the indicator 
changed. Each sample was titrated twice, and the average volume of NaOH was taken.   
The density of the sample was also measured. This was carried out by weighing out 1ml of liquid (taken using 
a Eppendorf fixed volume pipette with error 0.6 percent) on a balance with error 0.1 percent. The error in 
the density measurement was 0.61 percent. 
The mass flow of acid out was measured by use of a weighing scale and a data logger. The weighing scale 
measures the mass of acid coming out of the separator to an accuracy of 0.2 grams. The data logger took 
measurements once per second, but the mass flow was calculated from the weight increase over 30 
minutes. The relative error in the flow rate is 0.04 percent. The determination of the mole flow of acid out - 
calculated from the mass flow, density and titration – is 1.24 percent. 
 
3.3.3 Temperature measurement in the burner 
There are three temperature measurements made in the burner. Two are in the Raschig ring pack, at the top 
and the bottom, and one to measure the gauze temperature. All three thermocouples are K-type, 1mm in 
diameter, and clad in high temperature stainless steel capable of operating up to 1100°C. They are all 
sheathed in a silica quartz tube, 2mm internal diameter, 3mm external. Temperature readings were taken 
using Yokogawa YTA110 temperature indicator transmitters. 
The error in the temperature indicator transmitter was ±1°C. The thermocouples were not calibrated, but 
were purchased with a tolerance of the thermocouples was ±3°C. Hence the error in the temperature 
readings was ±4°C.  
The two thermocouples in the Raschig ring pack are there to ensure that there is no pre-combustion or 
ammonia decomposition in the pack, which would be seen as a temperature rise. The first sits 10mm from 
the base of the duct, and the top thermocouple 50mm up at the top of the bed. Typically the bed 
temperature is under 200°C, and there appears to be no ammonia decomposition, nor temperature 
gradients of more than 20°C between the bottom and top thermocouples. 
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The gauze temperature is measured in two ways. Most measurements were taken 10mm from the 
downstream of the gauze pack and in the centre of the duct cross section. The thermocouple does not 
directly measure the gauze temperature, but rather the temperature of the combustion gas leaving the 
gauze. This is the same method that is used in industry to measure the gauze temperature. A second 
measurement was taken from a thermocouple pressed up against the gauze. For ammonia mole fractions of 
8 and 10%, and constant total flow, the power from electrical heating varied, and the heat losses measured. 
Figure 3.3.3 shows the theoretical exit gas temperature, and the measured gas temperature, as the electrical 
heat input was increased. The Y-axis intercept is the adiabatic combustion temperature. The difference 
between the measured gas temperature and the theoretical gas temperature is about 20°C for both 
ammonia mole fractions, across a 200°C temperature span.    
 
Figure 3.3.3 The gas temperature versus the electrical heat input. The points are experimentally measured, while the lines are for 
the model shown in chapter 5. Shown for 8 and 10% NH3, in 20% O2 and balance steam, flow rate of 40,000 kg.d
-1.m-2. 
The heat losses were calculated from the difference between the theoretical temperature rise and the rise 
measured. Figure 3.3.4 shows this measured loss as a function of the measured gas temperature. For both 8 
and 10% ammonia, which correspond to a 300 and 400 Watts of combustion heat release respectively, the 
losses remain constant between 600 and 800°C. There after they appear to increase rapidly with 
temperature. Large increases in the current resulted in very small changes in the gas temperature. 
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Figure 3.3.4 The calculated heat losses versus the measured gas temperature. Shown for 8 and 10% NH3, 20% O2, balance steam, 
flow rate of 40,000 kg.d-1.m-2. 
However even with the small difference between the theoretical and measured gas temperature, it should 
be noted that there can be a difference between the gauze surface temperature and the combustion exit 
temperature, the temperature measured in this burner. A detailed discussion of the difference between the 
gas and surface temperature is covered in Chapter 5, and for results presented in the next chapter 
temperatures will be gas temperatures measured downstream of the gauze. 
 
3.3.4 Data evaluation 
3.3.4.1 Calculation of the selectivity of ammonia to N2 and N2O 
A known mole flow of helium (?̇?𝐻𝑒) is added to the feed, assumed to be inert and non-condensable. The μGC 
gives mole fractions of helium (𝑥𝐻𝑒), nitrogen (𝑥𝑁2), and nitrous oxide (𝑥𝑁2𝑂). Hence the mole flow of N2 
(?̇?𝑁2) flowing out of the reactor is: 
 ?̇?𝑁2 = 𝑥𝐻𝑒𝑥𝑁2 ?̇?𝐻𝑒 3.3.9 
and the mole flow of N2O (?̇?𝑁2𝑂): 
 ?̇?𝑁2𝑂 = 𝑥𝐻𝑒𝑥𝑁2𝑂 ?̇?𝐻𝑒 3.3.10 
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With a known flow of ammonia ( ?̇?𝑁𝐻3), and assuming full conversion, one can calculate the selectivity of 
ammonia to nitrogen: 
 𝑆𝑒𝑙(𝑁2) = 2 × ?̇?𝑁2?̇?𝑁𝐻3 × 100% 3.3.11 
And similarly for nitrous oxide: 
 𝑆𝑒𝑙(𝑁2𝑂) = 2 × ?̇?𝑁2𝑂?̇?𝑁𝐻3 × 100% 3.3.12 
The factor of 2 arises from the fact that 2 moles of ammonia are required to make 1 mole of nitrogen or 
nitrous oxide. Using both these selectivities, and assuming full conversion, one gets the selectivity to NO: 
 𝑆𝑒𝑙(𝑁𝑂) = 100− 𝑆𝑒𝑙(𝑁2) − 𝑆𝑒𝑙(𝑁2𝑂) 3.3.13 
 
3.3.4.2 Calculation of the ammonia mole fraction and oxygen to ammonia ratio 
The mole fraction of ammonia in volume percent is calculated from all the mole flows of the five feeds:  
 volume% 𝑁𝐻3 = ?̇?𝑁𝐻3?̇?𝑁𝐻3 + ?̇?𝑂2 + ?̇?𝐻2𝑂 + ?̇?Ar + ?̇?He × 100 3.3.14 
The oxygen to ammonia ratio is calculated from the oxygen and ammonia mole flows only: 
 [𝑂2]: [𝑁𝐻3] = ?̇?𝑂2?̇?𝑁𝐻3 3.3.15 
 
3.3.4.3 Calculation of liquid sample concentration and flowrate 
To determine the acid sample concentration by titration, first the concentration of the NaOH base (𝐶𝑁𝑎𝑂𝐻) 
must be found. The equation below shows this: 
 𝐶𝑁𝑎𝑂𝐻 = 𝐶𝐻𝐶𝑙 𝑉𝐻𝐶𝑙𝑉𝑁𝑎𝑂𝐻 3.3.16 
Where 𝐶𝐻𝐶𝑙 is the concentration of the HCl acid standard, 𝑉𝐻𝐶𝑙 is the volume of the standard, and 𝑉𝑁𝑎𝑂𝐻 is 
the volume of NaOH used in the titration. With the concentration of the base determined, the concentration 
of the nitric and nitrous acid in the sample (𝐶𝑠𝑎𝑚𝑝𝑙𝑒) may be found from:  
 𝐶𝑠𝑎𝑚𝑝𝑙𝑒 = 𝐶𝑁𝑎𝑂𝐻 𝑉𝑇𝑖𝑡𝑉𝑠𝑎𝑚𝑝𝑙𝑒 3.3.17 
With 𝑉𝑇𝑖𝑡 being the volume of NaOH used to titrate the sample, and 𝑉𝑠𝑎𝑚𝑝𝑙𝑒being the volume of sample. The 
error in determining the concentration of the sample is less than 0.89 percent. 
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The density of the sample was calculated from the mass (𝑚𝜌𝑠𝑎𝑚𝑝𝑙𝑒) of fixed volume of sample (𝑉𝜌𝑠𝑎𝑚𝑝𝑙𝑒) as 
follows: 
 𝜌𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑚𝜌𝑠𝑎𝑚𝑝𝑙𝑒𝑉𝜌𝑠𝑎𝑚𝑝𝑙𝑒  3.3.18 
The error in the density of the acid is 0.61 percent. The density and the concentration of the sample were 
required to work out the mole flow out of acid.  
 ?̇?𝐻𝑁𝑂3 + ?̇?𝐻𝑁𝑂2 = ?̇?𝑠𝑎𝑚𝑝𝑙𝑒𝜌𝑠𝑎𝑚𝑝𝑙𝑒 𝐶𝑠𝑎𝑚𝑝𝑙𝑒 3.3.19 
Where ?̇?𝑠𝑎𝑚𝑝𝑙𝑒is the mass flow of the acid out of the absorber. The error in the mass flow is 4.80 percent, 
and the corresponding error in the mole flow rate of the acid out is 4.92 percent. 
 
3.3.4.4 Mass balance closure 
A mass balance was carried out on the system. The mass flows in were taken from the mass flow controllers. 
The liquid flows out were measured using a weighing scale attached to a data logger, and the gas flows from 
the μGC. The gas stream was titrated to confirm that there was close to complete absorption. The overall 
mass balance was closed within 1 percent according to the following equation: 
 𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑏𝑎𝑙𝑎𝑛𝑐𝑒 = ?̇?𝑖𝑛 − ?̇?𝑜𝑢𝑡
?̇?𝑖𝑛
× 100 3.3.20 
A mass balance was also carried out for the nitrogen species. Ammonia flow in was taken from the ammonia 
mass flow controller. Flows of nitrogen and nitric oxide were taken from the μGC. Acid flow was determined 
by use of a weighing balance, and the concentration was determined by titration. The nitrogen mass balance 
was determined using the following equation, and was closed to under 2 percent: 
 𝑁 𝑚𝑎𝑠𝑠 𝑏𝑎𝑙𝑎𝑛𝑐𝑒 = ?̇?𝑁𝐻3 − 2?̇?𝑁2 − 2?̇?𝑁2𝑂 − �?̇?𝐻𝑁𝑂3 +  ?̇?𝐻𝑁𝑂2�
?̇?𝑁𝐻3
× 100 3.3.21 
 
3.3.4.5 Experimental error 
The selectivity data presented in the next chapter are calculated from four measured values; the flow of 
ammonia, the flow of helium, the mole fraction of helium, and the mole fraction of nitrogen or nitrous oxide. 
The flow of ammonia is given by a Coriolis mass flow controller, of relative accuracy 0.2 percent. The relative 
accuracy of mole fraction measurements given by the μGC are 2 percent. The helium flow rate was set to a 
fixed flow of 61 sccm, which was calibrated by a DryCal with relative accuracy 0.5 percent. The thermal mass 
flow controller used for the helium flow has a relative repeatability error of 0.25 percent. Using propagation 
of errors this gives a total relative accuracy of the selectivity measurements for N2 of 1.69 percent and N2O 
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of 2.42 percent. The absolute error in the NO selectivity is the sum of the squares 1.69 percent of the N2 and 
2.42 of the N2O selectivities, and is of the order 0.1 percent17. This is much better than the Gaillard method – 
the method to calculate the NO selectivity on previous test burners (Heck et al., 1982; Gough & Wibberley, 
1986). Gaillard estimated the error in his method to be 0.75 percent18
Mass flux was determined from the total flow rate, as given from the set mass flows on the mass flow 
controller, and the burner cross sectional area. The thermal mass flow controllers have an accuracy of 1 
percent of full scale, while the Coriolis meters have an accuracy of 0.2 percent; hence the total mass flow 
had an error of less than 1.30 percent over the range of the experiments. The error in the calculation of the 
area is 0.54 percent. Using sum of the squares of the error, the relative error in the mass flux is under 1.41 
percent. 
 (Gaillard, 1919). 
The mole fraction of ammonia in the mixture is calculated from all the mass flow controllers. The relative 
error in the ammonia flow is 0.2 percent, while the greatest error in the total mass flow is 1.30 percent. For 
the experiments running 12 volume percent this equated to ±0.15 volume percent, and is much smaller than 
the 2 volume percent difference between mole fraction used in the experiments. 
The oxygen to ammonia ratio is calculated from the oxygen and ammonia flow meters only. The error in the 
ammonia flow is the same as before, but the maximum error in the oxygen flow rate is 6.84 percent for the 
oxygen to ammonia ratio of 1.3. For the entire range the oxygen to ammonia ratio is accurate within ±0.10. 
The temperature was measured by K type thermocouples, with an accuracy of ±4°C. The pressure 
measurements could be measured with a read out sensitivity of ±0.02 bar. 
  
                                                          
17 The selectivity of NO is from 𝑆𝑒𝑙(𝑁𝑂) = 100 − 𝑆𝑒𝑙(𝑁2) − 𝑆𝑒𝑙(𝑁2𝑂). The absolute error in the selectivity of NO is  
𝜎𝑆𝑒𝑙(𝑁𝑂)2 = 𝜎𝑆𝑒𝑙(𝑁2)2 + 𝜎𝑆𝑒𝑙(𝑁2𝑂)2. Hence 𝜎𝑆𝑒𝑙(𝑁𝑂) ≈ ��2.5 × 1.69100�2 + �1.5 × 2.42100�2 = 0.072%. 
18 Had this method been used for this thesis the error in the NO selectivity using the Gaillard would be 0.59%. This is 
based on the error of the balance being 0.17%, the volume measured of acid and base 0.25%, The error in the 
concentration of the acid standard 0.20%, and of the base 0.31%.  
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4 Experimental results 
Previous experiments have been unable to decouple the combustion variables, leading to an inability to 
isolate the effects of individual inputs. Hence experiments have been limited by the cases where: 
1. Pressure and temperature have not been isolated when examining the effect of gauze loading. 
2. Ammonia mole fraction and oxygen to ammonia ratio have been inextricably linked. 
3. Gauze temperature has been set by varying the ammonia mole fraction 
The results shown in this chapter examine variables independently of each other, and have been broken into 
three areas of interest, each addressed in the following three subchapters. The first is the decoupling of 
pressure and temperature, and their individual effects at different gauze loadings. The second subchapter 
shows the results of the variation of inlet composition, specifically the independent variation of ammonia 
mole fraction and oxygen to ammonia ratio. Thirdly, results for experiments where N2O was added to the 
feed are shown, which is followed by results of changing the number of gauzes. The last subsection shows 
the state of the platinum surface before and after combustion. 
The results presented in this chapter are discussed in more detail in the following chapters, with only a brief 
description given here. 
 
4.1 Decoupling temperature and pressure effects 
In these experiments, the combustion temperature and pressure were varied independently in order to 
identify their effects in isolation. Using the electrical gauze heating, and operating with invariant mixture 
composition, the measured gas temperature could be maintained at a fixed value in the range 675 to 875°C , 
even as the pressure and flow rate were varied. 
 
4.1.1 Effect of Gauze temperature 
In these experiments, the combustor pressure was maintained at 2.0 bara while the measured combustion 
gas temperature was varied from 660 to 875°C. The gauze loading19
Results were obtained for two different gauze packs with approximately constant total surface area: either 4 
layers of Gauze A (10.4 m2 per m2 of burner cross section) or 8 layers of Gauze B (9.6 m2 per m2 of burner 
 was varied from 11,400 to 69,500 kg.d-
1.m-2. 
                                                          
19 The form of the gauze loading presented in the following chapters is the total mass flux. The mass flux using an 
ammonia basis is far less meaningful when comparing loadings with different ammonia concentrations, or oxygen to 
ammonia ratios.  
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cross section). While these two gauze packs present approximately the same surface area, there are large 
differences in their open area and void volume fractions and the two gauzes also employ different wire 
diameters (see Table 3.2.2). The other difference between the two experiments is that the Gauze A 
experiments were carried out on the 45mm chimney, whereas the Gauze B experiments were carried out on 
the 30mm chimney. The inlet burner parameters employed for these experiments is given in Table 4.1.1. 
Variable Value Unit 
Pressure 2 bara 
Ammonia mole fraction 10 Volume percent 
Oxygen to ammonia ratio 2 mol/mol 
Oxygen to argon ratio 10 mol/mol 
Mass flux 11,400 – 69,400 kg.d-1.m-2 
Combustion gas temperature 650 - 850 °C 
Table 4.1.1 Inlet mixture composition for which effects of combustion gas temperature were investigated. 
Figure 4.1.1, Figure 4.1.2 and Figure 4.1.3 show the results for the effect of temperature on the selectivity of 
conversion of NH3 to N2, N2O and NO, respectively. In each case, the results for gauze pack A, shown in the 
right panel, are very similar to those for pack B (left panel) over the ranges investigated.  For N2, the general 
effect of temperature is slight, values mostly lying in the range 2.3 to 2.7%. At temperatures below 750 °C, 
there is a slight tendency for N2 selectivity to increase as the temperature is reduced, this effect becoming 
more pronounced with increasing mass flux. On the other hand, at the lowest flow rate, the N2 selectivity 
rises significantly as the temperature is increased beyond about 750 °C. 
Overall, the N2O selectivity (Figure 4.1.2) decreases significantly with increasing temperature – at the lowest 
temperatures examined, the N2O selectivity is similar in magnitude to that for N2, but at the highest 
temperatures, the ratio of yields  N2:N2O >4. At a given temperature, the N2O selectivity increases with 
increasing mass flux. The same trend is shown by both gauze packs, although pack A appears to produce 
slightly more N2O than pack B under corresponding conditions. 
For both gauzes the variation of temperature and mass flux has the same effect on NO selectivity. At a given 
temperature, a decrease in the mass flux increases the selectivity. Above 800°C, and at low mass flux the 
selectivity drops again. For all other mass fluxes the selectivity remains constant at 97 percent. 
The apparent selectivity to NO (Figure 4.1.3) calculated from the measured N2 and N2O selectivities generally 
increases with increasing temperature, at least up to about 800 °C beyond which the level approaches a 
constant value of about 97%, unless the mass flux is very low, for which high temperatures lead to a sudden 
increase in N2 selectivity (as shown in Figure 4.1.1) and a concomitant loss of selectivity to NO. At 
temperatures below 800 °C, the selectivity is more sensitive to temperature when the mass flux is greater, 
this effect corresponding to the compounding of the tendency for higher flow rates to result in higher 
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selectivities to both N2 and N2O in this temperature region. The results for the two gauze packs studied are 
essentially identical. 
 
Figure 4.1.1 The selectivity of NH3 to N2 versus temperature for a number of gauze loadings, Gauze B pack left, Gauze A pack right. 
(2 bara, 10 vol% NH3, [O2]:[NH3] = 2, [O2]:[Ar] = 9). 
 
Figure 4.1.2 The selectivity of NH3 to N2O versus temperature for a number of gauze loadings, Gauze B pack left, Gauze A pack 
right. (2 Bara, 10 vol% NH3, [O2]:[NH3] = 2, [O2]:[Ar] = 9). 
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Figure 4.1.3 The selectivity of NH3 to NO versus temperature for a number of gauze loadings, Gauze B pack left, Gauze A pack 
right. (2 Bara, 10 vol% NH3, [O2]:[NH3] = 2, [O2]:[Ar] = 9). 
 
4.1.2 Effect of Combustion Pressure 
In these experiments, the combustor pressure was varied over the range ~1.2 to 3.0 bara for a constant 
measured combustion gas temperature of 800°C. The gauze pack consisted of 8 layers of Gauze B. The 
composition of the inlet gas remained fixed, as described in Table 4.1.2. Results were obtained for gauze 
mass flux values of 34,700 and 69,450 kg.d-1.m-2, on a 30mm chimney. 
Variable Value Unit 
Gauze temperature 800 °C 
Ammonia mole fraction 10 Volume percent 
Oxygen to ammonia ratio 2 mol/mol 
Oxygen to argon ratio 10 mol/mol 
Number of gauzes 8 Type B 
Mass flux 34,700 and 69,450 kg.d-1.m-2 
Table 4.1.2 The conditions used in the pressure experiments. 
Figure 4.1.4 shows that the effect of pressure on the selectivity of conversion of NH3 to N2 is relatively strong 
at the lower flow rate but much weaker, although still significant, at the higher flow rate. For N2O, on the 
other hand, the pressure effect is very similar at both flow rates studied, with the higher flow rate clearly 
giving rise to higher values at all pressures (Figure 4.1.5). The selectivity to NO deduced from these results 
for N2 and N2O selectivity shows an overall decreasing trend with increasing pressure, this trend being 
weaker at the higher flow rate. 
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Figure 4.1.4 The selectivity of NH3 to N2 versus pressure for two gauze loadings. (2 Bara, 10 vol% NH3, [O2]:[NH3] = 2, [O2]:[Ar] = 9, 
8 layers of Gauze B). 
 
Figure 4.1.5 The selectivity of NH3 to N2O versus pressure for two gauze loadings. (2 Bara, 10 vol% NH3, [O2]:[NH3] = 2, [O2]:[Ar] = 
9, 8 layers of Gauze B). 
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Figure 4.1.6 The selectivity of NH3 to NO versus pressure for two gauze loadings. (2 Bara, 10 vol% NH3, [O2]:[NH3] = 2, [O2]:[Ar] = 9, 
8 layers of Gauze B). 
 
4.2 Decoupling inlet composition effects 
Traditionally there are two issues when decoupling the inlet composition effects. The first is that for 
combustion in air, the oxygen to ammonia ratio (𝑂2:𝑁𝐻3) is set by the inlet ammonia mole fraction (𝑥𝑁𝐻3) in 
volume percent, and the mole fraction of oxygen in air (𝑥𝑂2) in volume percent
20 Figure 4.2.1.  shows the 
relationship between these two variables for dry air, for the equation below: 
 [𝑂2]: [𝑁𝐻3] = �1 − 𝑥𝑁𝐻3�. 𝑥𝑂2𝑥𝑁𝐻3  4.2.1 
For combustion in air in industrial practice, the ammonia mole fraction is typically between 10 and 12.5 
volume percent, but can be as low as 9 and as high as 13 percent (Honti, 1976). The range 10 to 12.5% gives 
an oxygen to ammonia ratio of between 1.5 and 1.9. 
                                                          
20 For dry air 𝑥𝑂2  is 20.95 percent.  
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Figure 4.2.1 For combustion in dry air, the oxygen to ammonia ratio as a function of ammonia mole fraction. 
The second issue when decoupling the inlet composition arises from the fact that the ammonia mole fraction 
has a strong influence on the gauze temperature, and hence results over a range of inlet compositions are 
likely to be obtained at different temperatures. As is clear from the previous section, there is an effect of 
temperature on the combustion behaviour, and this effect depends also on burner loading. 
In order to identify separately the effects of NH3 mole fraction and [O2]:[NH3] ratio, two sets of experiments 
were carried out in which one of these variables was held constant while the other was varied. Results were 
obtained also for a range of temperatures, flow rates, and number of gauze layers (Gauze B only). Electrical 
gauze heating was employed to ensure that comparisons between different conditions could be made at 
specific temperatures. 
 
4.2.1  Effect of ammonia inlet mole fraction 
In these experiments, the inlet ammonia mole fraction was varied at constant [O2]:[NH3] ratio. Table 4.2.1 
summarises the (ranges of) conditions employed – it should be noted here that no attempt was made to 
cover the entire parameter space: conditions were chosen to delineate the main effects relevant to 
industrial operation. 
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Variable Value Unit 
Oxygen to ammonia ratio 2 mol/mol 
Oxygen to argon ratio 9 mol/mol 
Pressure 2 bara 
Ammonia inlet mole fraction 8.0, 10.1, 12.3 % Volume percent 
Number of gauzes 6 Type B 
Mass flux 43,600 kg.d-1.m-2 
Combustion gas temperature 700 - 850 °C 
Table 4.2.1 Conditions studied to identify effect of ammonia inlet mole fraction 
Results for the selectivity of conversion of NH3 to N2, N2O and NO and three different ammonia mole 
fraction; 8.0, 10.1 and 12.3 volume percent, are shown in Figure 4.2.2, Figure 4.2.3 and Figure 4.2.4 
respectively. Six layers of gauze type B were installed in a 30mm chimney, and a flux equal to 43,500 kg d-1 
m-2 was studied. As the ammonia mole fraction was decreased, the amount of electrical heating required 
was significant. Approximately 400 Watts of electrical power was put into the gauze, while the heat release 
from combustion was just over 300 Watts. 
The effect of decreasing the ammonia inlet mole fraction is to increase the selectivity towards formation of 
N2. Figure 4.2.2 shows that, relative to 10% NH3 in the feed, an increase to 12% has a smaller magnitude of 
effect than a decrease to 8%. Similar results are obtained for dependence of N2O selectivity on NH3 inlet 
mole fraction (Figure 4.2.3). These effects on N2 and N2O selectivity are reinforced in the resultant effect on 
the selectivity to NO (Figure 4.2.4) which shows a significant loss in yield in going from 10% to 8% NH3 in the 
feed. 
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Figure 4.2.2 The selectivity of NH3 to N2 versus temperature for 3 different NH3 mole fractions at constant oxygen to ammonia 
ratio (6 layers of Gauze B, 2 Bara, [O2]:[NH3] = 2, [O2]:[Ar] = 9). 
 
Figure 4.2.3 The selectivity of NH3 to N2O versus temperature for 3 different NH3 mole fractions at constant oxygen to ammonia 
ratio (6 layers of Gauze B, 2 Bara, [O2]:[NH3] = 2, [O2]:[Ar] = 9). 
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Figure 4.2.4 The selectivity of NH3 to NO versus temperature for 3 different NH3 mole fractions at constant oxygen to ammonia 
ratio (6 layers of Gauze B, 2 Bara, [O2]:[NH3] = 2, [O2]:[Ar] = 9). 
 
4.2.2 Effect of the ratio of oxygen to ammonia in the feed 
In these experiments, the ratio of oxygen and ammonia concentrations in the feed was varied around the 
baseline condition – see Table 4.2.2. The combustion gas temperature was kept constant by the application 
of electrical heating as required - the heating requirement was essentially constant as oxygen was always in 
excess, but some adjustments were required when conditions that favoured the more exothermic formation 
of N2 versus NO were studied (low oxygen excess). These adjustments were not as extreme as when the 
ammonia mole fraction was changed, and were less than 10% of the power released by combustion. 
Variable Value Unit 
Oxygen to ammonia ratio 1.3 – 2.9 mol/mol 
Oxygen to argon ratio 9 mol/mol 
Pressure 2 bara 
Ammonia inlet mole fraction 10.0% Volume percent 
Number of gauzes 8 Type B 
Mass flux 34,700 and 96,500 kg.d-1.m-2 
Combustion gas temperature 800 °C 
Table 4.2.2 Conditions studied to identify the effect of the ratio of ammonia to oxygen inlet concentrations. 
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Figure 4.2.5 shows the selectivity to N2 for two values of the gauze loading. As the O2: NH3 ratio is deceased 
from a high value (~2.9), there is initially only a slow increase in the N2 selectivity but when O2: NH3 <1.6, the 
N2 selectivity begins to rise steeply, especially as O2: NH3 →1.25 which is the stoichiometric ratio for the 
formation of NO only. There is negligible effect of mass flux on this behaviour, consistent with the results 
obtained in much greater detail for O2: NH3 = 2.0 (Figure 4.1.1). 
The selectivity to formation of N2O (Figure 4.2.6) shows qualitatively similar behaviour but with overall 
greater sensitivity to the ratio O2: NH3. However, approaching the stoichiometric ratio (O2: NH3 = 1.25), the 
N2O selectivity rises relatively less steeply than does the N2 selectivity. Consistent with the results obtained 
for variations in mass flux with O2: NH3 = 2.0 (Figure 4.1.2), the lower value of mass flux employed here 
yielded less N2O throughout the range of O2: NH3 investigated. 
Overall, these results reveal an effect not previously reported in the literature, namely that there is a 
significant increase in selectivities towards N2 and N2O when changing the ratio of feed concentrations of 
oxygen to ammonia through the normal industrial range from 1.9 to 1.5. Correspondingly, there is a loss of 
NO yield, as shown in Figure 4.2.7. 
 
Figure 4.2.5 The selectivity of NH3 to N2 versus oxygen to ammonia ratio. (2 Bara, 800°C, 10 vol% NH3, 10% Argon impurity, 8 layers 
of Gauze B). 
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Figure 4.2.6 The selectivity of NH3 to N2O versus oxygen to ammonia ratio. (2 Bara, 800°C, 10 vol% NH3, 10% Argon impurity, 8 
layers of Gauze B). 
 
Figure 4.2.7 The selectivity of NH3 to NO versus oxygen to ammonia ratio. (2 Bara, 800°C, 10 vol% NH3, 10% Argon impurity, 8 
layers of Gauze B). 
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4.3 N2O addition in the feed 
A set of experiments were carried out with N2O added to the feed. In doing so the effect of N2O 
decomposition on the gauze itself could be examined. The number of gauzes was kept constant, as was the 
mass flux. The mole fraction of N2O in the feed was varied between zero and 0.085 %. A mole fraction of 
0.085 volume % is approximately the same mole fraction of N2O as is in the exit gases under normal 
operation. These experiments were carried out for two different mole fractions of ammonia, and results are 
shown in Figure 4.3.1. The conditions common to both sets of decomposition experiments are shown in the 
Table 4.3.1. 
Variable Value Unit 
Pressure 2 bara 
Ammonia inlet mole fraction 10.0 and 12 Volume percent 
Oxygen to ammonia ratio 2 mol/mol 
Oxygen to argon ratio 9 mol/mol 
Gauze loading 43,500 kg.d-1.m-2 
Number of gauzes 6 Type B 
Combustion gas temperature 750 and 780 °C 
Table 4.3.1 The conditions of combustion common to N2O decomposition experiments. 
The addition of N2O in the feed did not increase or decrease the apparent selectivity of ammonia to N2O, as 
shown by the data points corresponding to the addition of N2O sitting on the parity line. All the N2O added to 
the feed is seen after the gauze. 
 
Figure 4.3.1 The mole flow of N2O out versus N2O flow in the feed inlet both normalised against ammonia flow in. The solid lines 
are of slope 1, intercept of the y axis is average of the experimental data points without N2O addition. (2 Bara, 43,500 kg.d
-1.m-2, 
[O2]:[NH3] = 2, [O2]:[Ar] = 9, 6 layers of Gauze B, and with and without N2O in feed). 
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4.4 Number of gauzes in the pack 
Previous experiments had examined residence time in the gauze pack and its effect on the decomposition of 
the products. However this was carried out by variation of the flow rate, rather than by changing the number 
gauzes or the surface area of catalyst presented. A set of experiments were carried out where the mass flux 
was kept constant, and the number of gauzes was varied to have 4, 6 and then 8 layers of Gauze B. The 
results shown in Figure 4.4.1, Figure 4.4.2 and Figure 4.4.3 for three temperatures; 715, 750, and 810°C. The 
conditions that were held constant are shown in Table 4.4.1. 
Variable Value Unit 
Pressure 2 bara 
Ammonia inlet mole fraction 10.0% Volume percent 
Oxygen to ammonia ratio 2 mol/mol 
Oxygen to argon ratio 9 mol/mol 
Number of gauzes 4,6 and 8 Type B 
Gauze loading 43,500 kg.d-1.m-2 
Table 4.4.1 The conditions of combustion common to gauze addition decomposition experiments. 
The addition of more gauze surface has no significant effect on the selectivity of N2, N2O or NO. At 810°C the 
N2 selectivity increases less than half a percent as the number of gauzes was doubled. For the other 
temperatures there can be considered to be no change in N2 selectivity. There can be considered to be no 
changed in the N2O selectivity with increasing number of gauzes, with the effect of increasing temperature 
having a much larger effect on N2O selectivity. 
 
Figure 4.4.1 The selectivity of NH3 to N2 versus number of gauzes. (2 Bara, 10 vol% NH3, [O2]:[NH3] = 2, [O2]:[Ar] = 9, 43,500 kg.d
-
1.m-2). 
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Figure 4.4.2 The selectivity of NH3 to N2O versus number of gauzes. (2 Bara, 10 vol% NH3, [O2]:[NH3] = 2, [O2]:[Ar] = 9, 43,500 kg.d
-
1.m-2). 
 
Figure 4.4.3 The selectivity of NH3 to NO versus number of gauzes. (2 Bara, 10 vol% NH3, [O2]:[NH3] = 2, [O2]:[Ar] = 9, 43,500 kg.d
-
1.m-2). 
 
 
 
115 
 
4.5  Gauze surface 
Platinum and platinum alloy gauzes are known to restructure. Some studies have indicated that the 
restructuring of the surface may change the selectivity to particular products (Gland, Woodard, & Korchak, 
1980; Zeng & Imbihil, 2009). Hence it is important to determine if there are changes to the surface, and if 
there is variation of selectivity over time. 
The Gauze B pack containing eight layers was removed after one hundred hours of operation. Examination 
by SEM showed that the surface did change over this period but there was no discernable difference in the 
selectivity to N2 or N2O, or even the degree of conversion. The series of figures below show the state of the 
gauze at several different layers of the gauze pack. Both the Gauze A and Gauze B platinum alloy gauzes 
initially have very smooth wires, with only minor defects from manufacture. Figure 4.5.1 shows the surface 
of the Gauze B, where the lines running along the surface are due to the drawing of the platinum wire. 
  
Figure 4.5.1 SEM images of the fresh Gauze B catalyst (Scale bar is 20μm for both images). 
The first gauze to see flow is shown in Figure 4.5.2, and the change in the surface from the fresh catalyst can 
clearly be seen. The original manufacturing defects have become obscured by a pitting of the surface. Small 
regions have been left smooth and unaffected; however the majority of the surface has become pitted, as is 
shown in the left hand image. This pitting looks very similar to that seen by other researchers (Hannevold, 
Nilsen, Kjekshus, & Fjellvåg, 2005; Lyubovsky & Barelko, 1994). 
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Figure 4.5.2 SEM images of the first layer of the gauze pack (Scale bar is 10μm for the left hand image and 100μm for the right 
hand image). 
The second gauze has similar defects to those of the first gauze, and the proportion of unaffected areas is 
similarly small. Figure 4.5.3 shows the start of cauliflowers in the left hand image, as well as the pitting. 
These initial cauliflower formations are also visible on the first layer of gauze. The right hand image, taken 
using a quadrant backscattering electron detector (QBSD), shows the degree of morphology change across a 
larger region of the gauze. 
  
Figure 4.5.3 SEM images of the second layer of the gauze pack (Scale bar is 20μm for the left hand image and 200μm for the right 
hand image). 
The third layer of gauze showed a far more muted change to the surface. The lesser degree of etching of the 
surface is shown in Figure 4.5.4, and some of the original manufacturing defects are still visible. 
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Figure 4.5.4 SEM images of the third layer of the gauze pack (Scale bar is 20μm for both images). 
Figure 4.5.5 shows the fourth gauze (left) and the eighth and final gauze (right). There is very little change to 
the surface, and the manufacturing defects are still clearly visible. In both cases there also appears to be 
etched lines in the surface, forming irregular shapes. This effect is more evident on the right hand image. The 
mechanism by which these defects are made will not be covered in this thesis. Electron microscopy on the 
catalyst shows the surface had changed, however the effect on selectivity is undetectable, and the selectivity 
results presented previously in this chapter do not appear to be transitory. 
   
Figure 4.5.5 SEM images of the fourth (left) and eighth layer (right) of the gauze pack. (Scale bar is 20μm for the left hand image 
and 10μm for the right hand image). 
The fact that only the first gauzes were changed does not mean that the later gauzes did not participate in 
the reaction. The ammonia mole fraction, and hence heat release at the surface, is far greater for the first 
gauzes than the last.  
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5 Gauze temperature 
The temperatures shown in the experiments in the previous chapter are the gas temperatures, not the gauze 
surface temperatures. For previous experimental burners, and also for industrial burners, the distinction 
between these two temperatures is rarely made. Two researchers have studied the difference between 
gauze and gas temperature and have suggested that the differences at the exit of the gauze pack are small, 
as are the thermal gradients through the gauze pack (Oele, 1958; Roberts & Gillespie, 1975). A third study 
has used Computational Fluid Dynamics to examine the temperature profile in the gauze pack (Neumann, 
Goelitzer, Heywood, & Ticu, 2002). Sadly Neumann et al. give no results for the temperature profile of the 
pack, but rather give data for a single wire at two different flow velocities. There is also insufficient 
information in the text to replicate the results for comparison.   
For the burner used in this thesis, electrical power is used to augment the combustion heat release, and 
hence the gauze surface temperature may well be very different from the measured gas temperature at the 
exit. Therefore there has been a need to accurately model the temperature profile in the burner, and test 
some of the assumptions made in the previous models of the temperature profile. 
The first section models the surface and bulk gas temperature to give an understanding of the temperature 
profile of the gauze pack. The second section gives an explanation of how the parameters that make up the 
model have been determined, and the accuracy to which they are known. This is followed by examining the 
effects of the each of the burner parameters on this temperature profile. 
 
5.1 Modelling the temperature in the gauze pack    
5.1.1 The general case 
There are three parts to the general case. These are the heat fluxes to and from the surface of a wire, the 
temperature rise of the bulk gas, and the degree of conversion of ammonia at every stage. Each of these 
parts must be examined from a different reference point. 
First we begin by examining the heat fluxes to and from the surface, as depicted in Figure 5.1.1 below. The 
figure shows a small section of a wire in the gauze pack which has a flow of gas over it. The flow of gas 
around the wire results in the formation of a boundary layer. Shown in blue is a small area on the surface, 
and there are four heat fluxes that transfer energy through this surface. The first is the convective heat flux 
(q𝑐𝑜𝑛𝑣) from the wire which removes heat from the surface through the boundary layer to the bulk gas. The 
surface is at a temperature 𝑇𝑠, and the bulk at a temperature 𝑇∞. There is also a heat flux generated at the 
surface due to combustion of ammonia (q𝑐𝑜𝑚𝑏). This ammonia has been transported through the boundary 
layer from the bulk to the surface. The concentration of ammonia in the bulk is 𝑐 𝑁𝐻3|∞, and the ammonia 
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concentration at the surface is 𝑐 𝑁𝐻3|𝑠. At the surface, the ammonia reacts to form NO, N2 and N2O; and 
generates heat. For the experiments in this thesis electrical heat has been added to the gauze. In these cases 
the resultant heat generated per volume of platinum metal from electrical heating is Φ𝑒𝑙𝑒𝑐. Finally there is a 
radiative heat flux loss from the gauze q𝑟𝑎𝑑. 
  
Figure 5.1.1 The energy fluxes to and from the surface of the gauze wire and the generation of electrical heat in the wire. The 
𝐪𝐜𝐨𝐧𝐯, 𝐪𝐜𝐨𝐦𝐛and 𝐪𝐫𝐚𝐝 terms are the heat fluxes acting on the small area 𝒅𝑨, while 𝚽𝒆𝒍𝒆𝒄 is the electrical heat produced per volume 
of metal, which acts on a small volume of wire 𝒅𝑽. 𝑻 is the temperature, 𝒌𝒈and 𝒉 are the mass and heat transfer coefficients 
respectively, and 𝒄𝑵𝑯𝟑 is the concentration of ammonia. The subscript 𝒔 refers to at the surface, while ∞ to the bulk. The direction 
of flow of gas over the wire is perpendicular to axis of the wire. 
At any point on the surface, assuming we have thermal equilibrium and the system is at steady state: 
 � Φ𝑒𝑙𝑒𝑐𝑑𝑉𝑐𝑎𝑡
𝑉𝑐𝑎𝑡
 =   � (−q𝑐𝑜𝑚𝑏 + q𝑐𝑜𝑛𝑣 + q𝑟𝑎𝑑)𝑑𝐴𝑠𝑢𝑟𝑓
𝐴𝑠𝑢𝑟𝑓
 5.1.1 
All the flux terms are defined in terms of power per unit area of catalyst, where the surface has been 
assumed to be smooth. We assume that there is no axial variation along the wire, and that there is radial 
symmetry. Page 123 addresses this assumption in more detail. Hence in equation 5.1.1, 𝑑𝑉 becomes: 
 𝑑𝑉𝑐𝑎𝑡 = (1 − 𝜀)𝑎 𝑑𝐴𝑠𝑢𝑟𝑓 5.1.2 
where 𝑎 is the surface area per unit volume of gauze, and 𝜀 is the porosity of the gauze. Thus the integral in 
equation 5.1.1 becomes: 
 
(1 − 𝜀)
𝑎
� Φ𝑒𝑙𝑒𝑐𝑑𝐴𝑠𝑢𝑟𝑓
𝐴𝑠𝑢𝑟𝑓
 =   � (−q𝑐𝑜𝑚𝑏 + q𝑐𝑜𝑛𝑣 + q𝑟𝑎𝑑)𝑑𝐴𝑠𝑢𝑟𝑓
𝐴𝑠𝑢𝑟𝑓
 5.1.3 
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Examining each of the terms separately, the heat flux from combustion is: 
 q𝑐𝑜𝑚𝑏 = ∆𝐻𝑐𝑜𝑚𝑏𝑘𝑔,𝑁𝐻3(𝑐 𝑁𝐻3|∞ − 𝑐 𝑁𝐻3|𝑠) 5.1.4 
where ∆𝐻𝑐𝑜𝑚𝑏 is the heat of combustion at the bulk temperature, and is defined per mole of ammonia 
burnt, 𝑘𝑔,𝑁𝐻3 is the mass transfer coefficient for ammonia, 𝑐 𝑁𝐻3|∞ and 𝑐 𝑁𝐻3|𝑠 are the concentrations of 
ammonia in the bulk and at the surface of the catalyst respectively. It should be noted that  q𝑐𝑜𝑚𝑏 > 0, as 
the heat of combustion is also  ∆𝐻𝑐𝑜𝑚𝑏 > 0. 
The heat flux due to convective heat transfer from the gauze can be written:  
 q𝑐𝑜𝑛𝑣 = ℎ(𝑇𝑠 − 𝑇∞) 5.1.5 
where ℎ the heat transfer coefficient, 𝑇∞the bulk gas temperature, and 𝑇𝑠 the surface temperature. The 
electrical and radiative heat flux terms are more complex, and are derived in sections 5.1.3 and 5.1.4 
respectively. 
To calculate the bulk gas temperature one must conduct an energy balance for the bulk gas as it passes 
through the gauze pack. Figure 5.1.2 shows this balance for gauze layer 𝑚.  
 
Figure 5.1.2 A schematic diagram of the burner, shown the heat balance for the bulk gas for combustion over gauze 𝒎. The blue 
wire cuboids show the burner, while the gray sheet is the layer of gauze. The black arrows show the direction of flow, where ?̇? is 
the total molar flow, and ?̇?𝑵𝑯𝟑the flow of ammonia. The fraction of the ammonia that arrives at gauze 𝒎 that is converted is 
𝚲(𝒎), and releases ?̇?𝒄𝒐𝒎𝒃. Additional electrical heating is also provided (?̇?𝐞𝐥𝐞𝐜). The temperature of the gas flowing to the gauze 
is 𝑻∞(𝒎), and after combustion of the ammonia on the gauze this temperature rises to 𝑻∞(𝒎 + 𝟏). 
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The reference frame here is very different from the previous case, which looked at the gauze surface; here 
we are interested in the rise in the bulk temperature across one layer of gauze. The figure shows a burner – 
represented as the rectangular blue wire frame – directing a flow of gas across a layer of gauze, which is 
shown as a gray layer. The flow of gas (?̇?) approaches gauze 𝑚 at a temperature of 𝑇∞(𝑚), where the heat 
of combustion and electrical heat input increase the gauze temperature to 𝑇∞(𝑚 + 1). The conversion over 
the layer of gauze 𝑚 is Λ(𝑚) - reducing the mole flow of ammonia from ?̇?𝑁𝐻3(𝑚) to ?̇?𝑁𝐻3(𝑚 + 1):  
 ?̇?𝑁𝐻3(𝑚 + 1) = [ 1 − Λ(𝑚)] ?̇?𝑁𝐻3(𝑚) 5.1.6 
and releases heat (?̇?𝑐𝑜𝑚𝑏(𝑚)), and is shown as a red arrow. Additional electrical heating is provided 
(?̇?elec(𝑚)) also shown as a red arrow. 
The energy balance across the gauze shown in the figure is: 
 ?̇?𝑐𝑜𝑚𝑏(𝑚) + ?̇?elec(𝑚) = H∞(𝑚 + 1) − H∞(𝑚) 5.1.7 
where ?̇?𝑐𝑜𝑚𝑏 is the heat released from combustion, ?̇?elec the heat released from electrical heating, and H∞ 
is the of enthalpy of the gas. For the energy balance across gauze layer 𝑚 this becomes: 
 𝐶𝑝?̇?(𝑇∞(𝑚 + 1) − 𝑇∞(𝑚)) = ∆𝐻𝑐𝑜𝑚𝑏Λ(𝑚)?̇?𝑁𝐻3(𝑚) + ?̇?elec(𝑚) 5.1.8 
where Λ(𝑚) is the fractional conversion of ammonia across the layer of gauze 𝑚, 𝐶𝑝 is the mixture-average 
molar heat capacity, and ?̇? is the total molar flow. Rearranging the equation above, the gas temperature rise 
across the 𝑚th layer of gauze is: 
 𝑇∞(𝑚 + 1) − 𝑇∞(𝑚) = ∆𝐻𝑐𝑜𝑚𝑏 Λ(𝑚)𝑥𝑁𝐻3(𝑚)𝐶𝑝 + ?̇?elec(𝑚)𝐶𝑝?̇?  5.1.9 
To determine the heat released for a layer of gauze, one must determine the conversion of ammonia per 
layer (Λ(𝑚)). Previous studies have assumed the combustion along the gauze pack can be modelled as a 
fixed bed reactor, as is done in the HTU/NTU approach described in the literature review (Roberts & 
Gillespie, 1975) and in another reactor model (Andrews, 1985). With this approach, the discrete gauze layers 
are viewed as a porous pseudo-continuum, as shown schematically in Figure 5.1.3. The figure shows the 
gauze pack as a blue wire frame, of cross sectional area  𝐴𝑏𝑢𝑟𝑛𝑒𝑟, and with a total molar flow ?̇? through it. A 
differential slice 𝑑𝑉 of the fixed bed reactor is shown as the blue volume, a distance L from the inlet to the 
gauze pack. The flow of ammonia into the volume is ?̇?𝑁𝐻3.  
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Figure 5.1.3 The plug flow reactor model for ammonia conversion through the gauze pack. In the figure, ?̇?𝑵𝑯𝟑is the molar flow of 
ammonia, ?̇? the total molar flow, 𝑨𝒃𝒖𝒓𝒏𝒆𝒓 the cross sectional area of the burner, 𝑳 the distance into the gauze pack, and 𝓡 the 
reaction rate. 
Ammonia is converted at a local volumetric rate of consumption of ℛ and the change in ammonia flow 
across the slice can be obtained from a mass balance as: 
 ?̇?𝑁𝐻3 − �?̇?𝑁𝐻3 + 𝑑?̇?𝑁𝐻3� − ℛ𝑑𝑉 = 0 5.1.10 
ℛ equates to the rate of ammonia mass transfer to the surface per unit volume. Hence we can write ℛ as:  
 ℛ = 𝑘𝑔,𝑁𝐻3𝑎(𝑐 𝑁𝐻3|∞ − 𝑐 𝑁𝐻3|𝑠) 5.1.11 
where 𝑎 is the surface area of catalyst per unit volume. We assume that there is no gas phase reaction, an 
assumption made on the basis of previous experiments under industrial conditions (Atroshchenko & Kargin, 
1949). Traversac also showed that by detailed kinetic modelling that the gas phase reactions are 
unimportant (Traversac, 2007).  
The volume of the gauze pack is the depth of the catalyst bed, times the burner cross sectional area. 
Assuming that if there are no gaps between gauze layers, the gauze pack depth can be written in terms of 
the gauze thickness (𝑡𝑔), gauze number (𝑁), and the burner cross sectional area (𝐴𝑏𝑢𝑟𝑛𝑒𝑟). Hence the volume 
becomes: 
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 𝑉 = 𝐴𝑏𝑢𝑟𝑛𝑒𝑟𝐿 = 𝑡𝑔𝐴𝑏𝑢𝑟𝑛𝑒𝑟𝑁 5.1.12 
Thus by differentiating the volume expression in terms of the gauze number, while assuming that the burner 
diameter and the gauze thickness do not vary: 
 𝑑𝑉 = 𝑡𝑔𝐴𝑏𝑢𝑟𝑛𝑒𝑟𝑑𝑁 5.1.13 
By doing this the discrete gauze number has become a pseudo continuous length scale in the fixed bed 
reactor. This is a gross simplification; however it is required to reduce the complexity of modelling a gauze 
pack. The limitation of this assumption is that the mass transfer coefficient and density are assumed to be 
constant across the gauze layer.  
Clearly the gas mixture density will not be constant through the gauze layer, as the gas temperature and 
composition will change across the layer as more ammonia is converted. For the model we take the density 
to be the midpoint between the gauze temperature and the entrance bulk temperature. The change in the 
mass transfer coefficient across one layer of gauze is less obvious. Figure 5.1.4 shows a schematic of the flow 
over the cross section of a single wire in the gauze pack for two different flow cases. The case shown on the 
right is for high gauze loadings, where the Reynolds number is sufficiently high for boundary layer separation 
to occur.  As is shown in equation 5.1.33, on page 127, the Reynolds number is proportional to the mass flux. 
At sufficiently low gauze loadings, the Reynolds numbers may be small enough for there to be no separation, 
and the flow is streamline around the wire21
For both loading cases as the angle 𝜃 is increased from the point of separation, the boundary layer thickness 
will increase. As such the mass transfer coefficient will not be constant across the gauze layer, decreasing as 
𝜃 increased. In the case where boundary layer separation occurs, as 𝜃 increased past the point of separation 
(𝜙), the mass transfer coefficient will increase slightly, attributed to better mixing in the wake region 
(Nowak, 1966). To some degree the empirical mass transfer correlations will incorporate these effects. 
However the interaction of upstream gauzes to those downstream is not explicitly incorporated in the 
correlations, but two studies changed the spacing between gauzes, and the number of gauzes in the pack . 
Neither study saw any changes in the mass transfer correlation (Dixon & Longfield, 1960; Shah, 1970). Hence 
it seems reasonable to proceed with the assumption of constant heat and mass transfer coefficients. 
. This case is shown in the figure on the left hand side. 
                                                          
21 For industrial burners Reynolds numbers range between 0.5 and 40. For the experiments in this thesis Reynolds 
numbers were between 0.3 and 7. For flow over infinite cylinders, Re < 0.5 are considered to be streamlined, 2 < Re < 
30 the boundary layer separates, decreasing the angle 𝜙 as the Re increases. Finally at Re > 40 an oscillatory wake is 
formed (Massy, 1971).  
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Figure 5.1.4 Flow around a wire in the gauze pack, flow direction from the bottom to top. The figure on the right shows the case 
where the Reynolds number is sufficiently high for separation to have occurred. As the flow is increased, the angle of separation 
(𝝓) decreases, to a minimum of 𝜽 = 95°. The figure on the left shows low gauze loading where separation does not occur. In both 
cases, further into the gauze layer, i.e at larger 𝜽, the mass transfer coefficient decreases.     
Assuming that the overall reaction rate is limited by mass transfer, that is the concentration of ammonia at 
the surface is vanishingly small �𝑐 𝑁𝐻3|𝑠  ≪ 𝑐 𝑁𝐻3|∞�, the mass balance in equation 5.1.10 may be rewritten 
as: 
 𝑑?̇?𝑁𝐻3 = −𝑘𝑔,𝑁𝐻3𝑎𝑐 𝑁𝐻3|∞𝑡𝑔𝐴𝑏𝑢𝑟𝑛𝑒𝑟𝑑𝑁 = −𝑘𝑔,𝑁𝐻3𝑎𝑐 �?̇?𝑁𝐻3?̇? � 𝑡𝑔𝐴𝑏𝑢𝑟𝑛𝑒𝑟𝑑𝑁 5.1.14 
where 𝑐 is the total molar density, and 𝑘𝑔,𝑁𝐻3 the mass transfer coefficient of ammonia. The molar flow, 
molar density, and burner area can be written in terms of the burner mass flux (𝐺) and mixture density (𝜌), 
terms more commonly used in describing the burner flow conditions: 
 c𝐴𝑏𝑢𝑟𝑛𝑒𝑟
?̇?
=  𝜌
𝐺
 5.1.15 
Thus integrating up equation 5.1.14 between gauze 𝑚 and 𝑚 + 1, and assuming that 𝑘𝑔,𝑁𝐻3 and 𝜌 are 
constant: 
 �
𝑑?̇?𝑁𝐻3
?̇?𝑁𝐻3
?̇?𝑁𝐻3(𝑚+1)
?̇?𝑁𝐻3(𝑚) = −𝑘𝑔,𝑁𝐻3𝑎𝑡𝑔𝜌𝐺 � 𝑑𝑁𝑚+1𝑚  5.1.16  
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 𝑙𝑛 �
?̇?𝑁𝐻3(𝑚 + 1)
?̇?𝑁𝐻3(𝑚) � = −𝑘𝑔,𝑁𝐻3𝑎𝑡𝑔𝜌𝐺  5.1.17 
The constant values of the density and mass transfer coefficient, have been chosen at a temperature of 
500°C – which is approximately halfway between the inlet and exit bulk gas temperatures - and for the inlet 
mixture composition and pressure. Using the definition of the conversion of ammonia per gauze: 
 Λ(𝑚) = ?̇?𝑁𝐻3(𝑚)− ?̇?𝑁𝐻3(𝑚 + 1)
?̇?𝑁𝐻3(𝑚)  5.1.18 
and by rearrangement of the result of integration above, the conversion per stage at gauze 𝑚 is: 
 Λ(𝑚) = 1 − exp�−𝑘𝑔,𝑁𝐻3𝑎𝑡𝑔𝜌
𝐺
� 5.1.19 
As equation 5.1.29 shows, 𝑘𝑔,𝑁𝐻3𝜌 ∝ 𝔇𝑚,𝑁𝐻3𝜌, where 𝔇𝑚,𝑁𝐻3is the diffusion coefficient of ammonia in the 
mixture. The product 𝔇𝑚,𝑁𝐻3𝜌 is pressure independent (Andrews 1960), and as the mass flux is independent 
of pressure also, the conversion per stage does not change with the pressure of operation.  
The degree of conversion per layer is also independent of the location of the gauze in the gauze pack. Hence 
the mole fraction arriving at gauze 𝑚 can be written in terms of the burner inlet mole fraction (𝑥𝑁𝐻3|𝑖𝑛), and 
the constant conversion per stage: 
 𝑥𝑁𝐻3|∞(𝑚) = 𝑥𝑁𝐻3|𝑖𝑛(1− Λ)𝑚−1 5.1.20 
a geometric change of 𝑥𝑁𝐻3|∞(𝑚) with 𝑚. 
 
5.1.2 Adiabatic case  
For the simplest case we ignore radiation and electrical heating. The absence of electrical heating 
corresponds to normal combustion. Thus the energy balance becomes: 
 q𝑐𝑜𝑚𝑏 − q𝑐𝑜𝑛𝑣 = 0 5.1.21 
Substituting the terms above (equations 5.1.4 and 5.1.5) in to the energy balance we are left with: 
 ℎ(𝑇𝑠 − 𝑇∞) = ∆𝐻𝑐𝑜𝑚𝑏𝑘𝑔,𝑁𝐻3(𝑐 𝑁𝐻3|∞ − 𝑐 𝑁𝐻3|𝑠) 5.1.22 
Writing the bulk ammonia concentration in terms of the total molar density, and the mole fraction of 
ammonia in the bulk (𝑥 𝑁𝐻3|∞), and assuming mass-transfer-limited conditions �𝑐 𝑁𝐻3|𝑠  ≪ 𝑐 𝑁𝐻3|∞� the energy 
balance simplifies to: 
 𝑇𝑠 = 𝑇∞ + ∆𝐻𝑐𝑜𝑚𝑏 𝑘𝑔,𝑁𝐻3ℎ 𝑐𝑥 𝑁𝐻3|∞ 5.1.23 
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The ratio of the mass transfer and heat transfer coefficients can be derived from the Chilton and Colburn J-
factor analogy for heat and mass transfer. The heat and mass transfer analogy states (Fahien, 1983): 
 𝑗𝐻 = 𝑗𝐷 = 𝑓(𝑅𝑒) 5.1.24 
and both are the same function of Reynolds number. The heat transfer factor is defined as: 
 𝑗𝐻 = 𝑁𝑢𝑅𝑒 𝑃𝑟−13 5.1.25 
where 𝑁𝑢 is the Nusselt number, which is the ratio of convective to conductive heat transfer. It is defined 
here as: 
 𝑁𝑢 = ℎ𝑑𝑤
𝜆
 5.1.26 
with ℎ as the heat transfer coefficient, 𝜆 as the thermal conductivity of the fluid, and the characteristic 
length being the wire diameter 𝑑𝑤. The Prandtl number (𝑃𝑟) is the ratio of kinematic viscosity and thermal 
diffusivity, and is defined as: 
 𝑃𝑟 = 𝜇𝐶𝑝
λ
 5.1.27 
where 𝐶𝑝 is the mixture averaged heat capacity, 𝜇 the viscosity of the mixture. The mass transfer factor is 
defined as:  
 𝑗𝐷 = 𝑆ℎ𝑅𝑒 𝑆𝑐−13 5.1.28 
where 𝑆ℎ is the Sherwood number, and is ratio of convective mass transfer to diffusive mass transfer. For 
ammonia mass transfer through the mixture:  
 𝑆ℎ = 𝑘𝑔,𝑁𝐻3𝑑𝑤
𝔇𝑚,𝑁𝐻3  5.1.29 
where 𝔇𝑚,𝑁𝐻3  is the diffusion coefficient of ammonia through the mixture. 𝑆𝑐 is the Schmidt number:  
 𝑆𝑐 = 𝜇𝜌𝔇𝑚,𝑁𝐻3  5.1.30 
𝜌 is the mixture density. With rearrangement of equation 5.1.24: 
 𝑘𝑔,𝑁𝐻3
ℎ
= 𝔇𝑚,𝑁𝐻3
𝜆
�
𝑆𝑐
𝑃𝑟
�
1
3 = 𝑃𝑟
𝜇𝐶𝑝
𝜇
𝜌𝑆𝑐
�
𝑆𝑐
𝑃𝑟
�
1
3 = 1
𝑐𝐶𝑝
�
𝑃𝑟
𝑆𝑐
�
2
3 = 1
𝑐𝐶𝑝
�
1
𝐿𝑒
�
2
3
 5.1.31 
where 𝐿𝑒 is the Lewis number for ammonia in the gas mixture22
                                                          
22 This is the usual definition but it should be noted that older literature often uses the inverse quantity and this usage 
persists to some extent today. 
:  
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 𝐿𝑒 = 𝑆𝑐
𝑃𝑟
 5.1.32 
It should be noted that the form of the Reynolds number used here for gauzes is that proposed by Shah: 
 𝑅𝑒 = 𝐺𝑑𝑤
𝜇𝛾
 5.1.33 
and uses wire diameter as the characteristic length, and a maximum average mass velocity (𝐺 𝛾⁄ ), where 𝛾 is 
the open area of the gauze (Shah). The choice of this Reynolds number is discussed in the literature review 
(subsection 2.3.1, page 40), and further analysis of the choice is given in the next chapter (subsection 6.1.2, 
Page 161).  
Substituting this ratio from equation 5.1.31 into equation 5.1.23, the surface temperature at gauze 𝑚 
becomes: 
 𝑇𝑠(𝑚) = 𝑇∞(𝑚) + ∆𝐻𝑐𝑜𝑚𝑏 1𝐶𝑝 � 1𝐿𝑒�23 𝑥 𝑁𝐻3|∞(𝑚) 5.1.34 
Using equation 5.1.20 to write the mole fraction of ammonia at gauze 𝑚 in terms of the conversion per stage 
and the inlet ammonia mole fraction, the gauze temperature expression becomes: 
 𝑇𝑠(𝑚) = 𝑇∞(𝑚) + ∆𝐻𝑐𝑜𝑚𝑏 1𝐶𝑝 � 1𝐿𝑒�23 𝑥𝑁𝐻3|𝑖𝑛(1 − Λ)𝑚−1 5.1.35 
and similarly for the bulk temperature: 
 𝑇∞(𝑚 + 1) = 𝑇∞(𝑚) + ∆𝐻𝑐𝑜𝑚𝑏 𝑥𝑁𝐻3|𝑖𝑛Λ(1− Λ)𝑚−1𝐶𝑝  5.1.36 
For ammonia combustion in air, the Lewis number is has previously been considered to be close to 1 (Oele, 
1958; Roberts & Gillespie, 1975). In the case where it is equal to 1, we are left with an interesting result for 
the gauze temperature. Looking at the difference in surface temperature between gauze 𝑏 and gauze 𝑚, 
from equation 5.1.35 for 𝐿𝑒 = 1: 
 𝑇𝑠(𝑏) − 𝑇𝑠(𝑚) = 𝑇∞(𝑏) − 𝑇∞(𝑚) + �∆𝐻𝑐𝑜𝑚𝑏𝐶𝑝 ��𝑥 𝑁𝐻3|∞(𝑏) − 𝑥 𝑁𝐻3|∞(𝑚)� 5.1.37 
Also noting that the change in the bulk temperature between gauze 𝑏 and gauze 𝑚 given from equation 
5.1.36 is: 
 𝑇∞(𝑏) − 𝑇∞(𝑚) = �∆𝐻𝑐𝑜𝑚𝑏𝐶𝑝 ��𝑥 𝑁𝐻3|∞(𝑏)− 𝑥 𝑁𝐻3|∞(𝑚)� 5.1.38 
Substituting equation 5.1.38 into equation 5.1.37, one is left with the results that the difference between the 
surface temperature of gauze 𝑏 and 𝑚 is zero – that is, all the gauzes in the pack operate at the same 
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temperature. The assumption of unity Lewis number therefore provides a great simplification in the analysis 
of the system - however, as will be shown in subchapter 5.2.5 the assumption that ammonia in air ballast has 
a Lewis number of 1 is only approximate, and the situation with regard to surface temperatures in the gauze 
pack is correspondingly more complex. 
Figure 5.1.5 and Figure 5.1.6 show example calculated gauze and bulk gas temperature profiles through a 
gauze pack respectively, where the Lewis number for ammonia in the ballast media has not been assumed to 
be exactly 1. Three different ballast media are shown for the same flow conditions, corresponding to a 
loading of 52,000 kg.d-1.m-2. The exit gas temperature is kept the same in each case by varying the inlet bulk 
gas temperature. The different ballast media have different gas Lewis numbers, and these ≠ 1, and also 
different molar heat capacities. Ammonia in steam ballast has a Lewis number of just over 1, whereas in air it 
is 0.9, and in carbon dioxide it is 0.7. A full analysis of the variables making up equations 5.1.35 and 5.1.36, 
are given in subchapter 5.2.  
Figure 5.1.7 shows the ammonia conversion over gauze 𝑚 as a percentage of the total ammonia in to the 
burner. This term Ω has been defined as: 
 Ω(𝑚) = 𝑥 𝑁𝐻3|∞(𝑚) − 𝑥 𝑁𝐻3|∞(𝑚 + 1)
𝑥 𝑁𝐻3|𝑖𝑛  5.1.39 
Substituting equation 5.1.20 in to the equation above we are left with the geometric expression:  
 Ω(𝑚) = Λ(1 − Λ)𝑚−1 5.1.40 
All three ballast media give very similar conversions profiles, as the value of Λ is approximately the same for 
each ballast gas (about 90%). The figure shows combustion in steam ballast only, at the same conditions as 
the figures above. The majority of the ammonia is converted on the first gauze, Ω(𝑚 = 1) is approximately 
90%. Thus using the exit gas temperature for the cases of air and CO2 ballast – where the first gauze has an 
elevated temperature – is not representative of the temperature at which the majority of the ammonia was 
converted.  
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Figure 5.1.5 The calculated surface temperature through the gauze pack for combustion at 2 bara, 10 percent NH3 and 20 percent 
oxygen. The burner loading is  52,000 kg.d-1.m2,, the gauze has a wire diameter of 0.06mm and fractional open area of 0.65. Inlet 
temperature has been varied to keep a constant exit temperature. Three cases are shown, combustion with steam, nitrogen and 
CO2 ballast with constant mole flow rate in each case. 
 
Figure 5.1.6 The calculated bulk gas temperature through the gauze pack for combustion at 2 bara, 10 percent NH3 and 20 percent 
oxygen. Inlet temperature has been varied to keep a constant exit temperature. Same flow conditions as previous figure. 
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Figure 5.1.7 The calculated conversion as a percent through the gauze pack for combustion in steam ballast. Same flow conditions 
as previous two figures. 
It should be noted that the pseudocontiuum description for the temperature profile becomes decreasingly 
less appropriate for cases where a large fraction of the total ammonia is converted over one gauze layer. The 
case shown in Figure 5.1.5 for combustion in air, 90% of the ammonia is converted on the first gauze, and 
there is a discrete change in the temperature of the surface of the first gauze (830°C) to the second gauze 
(780°C). The continuous model for the gauze pack would indicate that this drop occurs over the surface of 
the first gauze, not a discrete change form one gauze to the next. Thus as the conversion per layer 
decreases, and the change in temperature per layer decreases, the pseudocontiuum model becomes better 
at describing the continuous system.       
Non-unity Lewis numbers for ammonia in air has not been noted in the literature before. Other researchers 
have seen the effect in other catalytic combustion systems (Geus & Giezen, 1999; Pfefferle & Pfefferle, 1987; 
Satterfield, Resnick, & Wentworth, 1954). In the case of combustion of methane in air over a catalytic 
monolith differences of between 100-150°C were seen between the surface and the exit gas temperature 
(Geus & Giezen, 1999). For combustion of hydrogen peroxide in a silver tube more than 60°C difference 
between the catalyst wall temperature and the exit gas temperature of the tube was seen, and is shown in 
Figure 5.1.8 (Satterfield et al., 1954).  
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Figure 5.1.8 Temperature of the gas and catalyst wall for combustion of hydrogen peroxide in air in a silver tube (Satterfield et al., 
1954) 
The assumption made in the past that the gauze temperature is constant throughout the pack (Oele, 1958; 
Roberts & Gillespie, 1975) seems in practice only to be valid for combustion in steam. For the other two 
ballast media, the temperature of the first gauze is elevated, and, in the case of carbon dioxide, significantly 
different from the rest of the pack. 
Experimentally this effect has only been observed by Apel’baum and Temkin who did not comment on why 
this might occur (Apel'baum & Temkin, 1948). The results from Apel’baum’s experiments are shown in Figure 
5.1.9, where two flow rates are shown; 131,900 and 527,700 kg.d-1.m-2. The first gauze is at a higher 
temperature than the last gauze, with the difference being of the order of 50°C. This is very close to the 
predicted temperature elevation of 53°C in the model above and in Figure 5.1.5. This is by no means a 
comprehensive validation of the model but it does give credit to the effects that have been predicted by the 
model. 
A more thorough analysis of the burner variables effect on the temperature and conversion profiles is 
covered in subchapter 5.3. 
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Figure 5.1.9 The first and last gauze temperature versus ammonia mole fraction. First gauze experiments are shown as square 
points, and last gauze shown as circular points. Combustion is in air, inlet of 25°C and 8 layers of gauze (Apel'baum & Temkin, 
1948). 
 
5.1.3 Electrical heating case 
For the experiments carried out in this thesis, electrical heating was applied to the gauze pack to augment 
the surface temperature. This section looks at the difference in the temperature profile of the pack when 
electrical gauze heating is and is not applied. It examines the difference between the exit gas temperature 
and the surface temperature. 
Two models for the resistance of the gauze pack can be used. The first assumes that the resistance of the 
pack is constant with temperature, and the heat release rate is uniform through the pack. In the second, the 
gauze pack is treated as a set of resistors in parallel, each with a resistance which is dependent on the 
temperature of the individual gauze. 
 
5.1.3.1 Assumption of constant gauze resistance 
In the first model for simplicity, the heat flux from electrical heating is constant for each layer of gauze, and 
independent of the temperature of each layer of gauze. Treating the pack as resistors in parallel, the 
resistance of the pack can be written as: 
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 𝑅𝑝𝑎𝑐𝑘 = 𝑅𝑔𝑁𝑔 5.1.41 
where 𝑅𝑔is the resistance of a single layer of gauze, and 𝑁𝑔 the number of gauzes. The current flowing 
through each resistor is equal, and so the power dissipated in one layer of gauze would be: 
 Q̇elec(𝑚) = � 𝐼𝑁𝑔�2 𝑅𝑔 5.1.42 
where 𝐼 is the current passing through the pack. From this we obtain Φ𝑒𝑙𝑒𝑐, which is the volumetric 
generation term for electrical heating, and can be substituted into the energy balance from equation 5.1.3:  
 Φ𝑒𝑙𝑒𝑐(𝑚) = � 𝐼𝑁𝑔�2 𝑅𝑔𝑉𝑐𝑎𝑡 5.1.43 
The volume of platinum metal in one layer of gauze (𝑉𝑐𝑎𝑡) can be written in terms of the gauze thickness, the 
cross sectional area of the burner, and the porosity:  
 𝑉𝑐𝑎𝑡 = 𝑡𝑔𝐴𝑏𝑢𝑟𝑛𝑒𝑟(1− 𝜀) 5.1.44 
Thus the volume generation term becomes: 
 Φ𝑒𝑙𝑒𝑐(𝑚) = � 𝐼𝑁𝑔�2 𝑅𝑔𝑡𝑔𝐴𝑏𝑢𝑟𝑛𝑒𝑟(1− 𝜀) 5.1.45 
Including the electrical heating in the energy balance shown in equation 5.1.3, for gauze 𝑚: 
 𝑇𝑠(𝑚) = 𝑇∞(𝑚) + ∆𝐻𝑐𝑜𝑚𝑏 1𝐶𝑝 � 1𝐿𝑒�23 𝑥 𝑁𝐻3|∞(𝑚) + � I𝑁𝑔�2 𝑅𝑔𝑡𝑔𝐴𝑏𝑢𝑟𝑛𝑒𝑟𝑎ℎ 5.1.46 
Similarly for the bulk temperature leaving the 𝑚𝑡ℎ gauze: 
 𝑇∞(𝑚 + 1) = 𝑇∞(𝑚) + ∆𝐻𝑐𝑜𝑚𝑏 𝑥𝑁𝐻3(𝑚)𝐶𝑝 Λ + � I𝑁𝑔�2 𝑅𝑔𝐶𝑝?̇? 5.1.47 
 
5.1.3.2 Assumption of temperature-dependent gauze resistance 
The second model is much less crude, but requires an iterative solution. The resistivity is a function of 
temperature, and is well known for platinum. In the range 0 to 700°C Laubitz and van der Meer give the 
resistivity as a function of temperature in °C as (Laubitz & van der Meer, 1966):  
 𝜌𝛺 = 9.820(1 + 3.983 × 10−3𝑇 − 0.586 × 10−3𝑇2) × 10−6 5.1.48 
For this model the gauze pack is treated as a series of resistors in parallel, the resistance of which is set by 
the temperature. Figure 5.1.10 shows the currents, voltages and resistances in the gauze pack resistor grid. 
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Figure 5.1.10 The gauze pack as a series of resistors in parallel. 𝑽 is the voltage drop across the gauze pack. Each of the gauze 
layers has a resistance 𝑹(𝒎,𝑻), and a current flowing through it of 𝑰(𝒎). 
The total current supplied to the gauze is constant with temperature, and the voltage drop across each 
resistor is the same. Thus for gauze layer 𝑚: 
 𝑉 = 𝐼𝑅𝑝𝑎𝑐𝑘�𝑇𝑠(𝑚)� = 𝐼(𝑚)𝑅�𝑚,𝑇𝑠(𝑚)� 5.1.49 
Rearrangement gives the current in one layer as: 
 𝐼(𝑚) = 𝐼𝑅𝑝𝑎𝑐𝑘�𝑇𝑠(𝑚)�
𝑅�𝑚,𝑇𝑠(𝑚)�  5.1.50 
where the resistance of the pack is: 
 1
𝑅𝑝𝑎𝑐𝑘�𝑇𝑠(𝑚)� = � 1𝑅�𝑚,𝑇𝑠(𝑚)�𝑁𝑔𝑚=1  5.1.51 
Hence the power dissipated across layer 𝑚 is: 
 Qelec(𝑚) = 𝑉2𝑅�𝑚,𝑇𝑠(𝑚)� = �𝐼𝑅𝑝𝑎𝑐𝑘�𝑇𝑠(𝑚)��
2
𝑅�𝑚,𝑇𝑠(𝑚)�  5.1.52 
and the heat flux referenced to the gauze surface area is: 
 Φ𝑒𝑙𝑒𝑐(𝑚) = Qelec(𝑚)𝑉𝑐𝑎𝑡 = �𝐼𝑅𝑝𝑎𝑐𝑘�𝑇𝑠(𝑚)��2𝑡𝑔𝐴𝑏𝑢𝑟𝑛𝑒𝑟(1 − 𝜀)𝑅�𝑚,𝑇𝑠(𝑚)� 5.1.53 
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Assuming that the length and cross sectional area of each layer of gauze remains constant, the resistance of 
gauze 𝑚 at temperature 𝑇𝑠(𝑚) can be written as: 
 𝑅(𝑚,𝑇𝑠(𝑚)) = 𝑅𝑔,𝑇0 �1 + 3.983 × 10−3𝑇𝑠(𝑚) − 0.586 × 10−3�𝑇𝑠(𝑚)�2� 5.1.54 
where 𝑅𝑔,𝑇0 is the resistance of a layer of gauze at 25°C. The gauze and gas temperatures must be solved 
iteratively. 
Figure 5.1.11 below shows the difference between the two models for the case where there is no 
combustion. The inlet gas temperature is the same for both cases, and set to 700°C. The flow contains 30% 
oxygen, balance steam. The burner loading is 26,000 kg.d-1.m-2. A current of 100 amps is applied to a gauze 
pack of 8 layers, which is the maximum current applied to the gauze in the experiments, and the lowest flow 
used in the experiments. The temperature profiles are very similar, and difficult to distinguish in the figure. 
 
Figure 5.1.11 The difference between the two electrical heating models. No combustion, a current 100 amps, 8 layers of gauze. 
20% O2 in balance steam, at a loading of 26,000 kg.d
-1.m-2, inlet temperature 700°C. The blue line shows the profile for Model 1, 
whereas the red line is for Model 2. Circle points show the surface, and the square points the bulk gas.  
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Figure 5.1.12 The left hand axis shows the difference between the gas and the surface temperature for each gauze in the pack. The 
blue line shows Model 1, and the red line Model 2. The right hand axis shows the difference between the two models. The 
conditions are the same as the previous figure. 
Figure 5.1.12 shows the temperature difference between surface and bulk gas temperatures for the two 
models, and is below 12°C. The difference in surface temperature is between the two models is also shown. 
Here the difference between the two models is less than 6°C. Thus the simple model will suffice. 
However Figure 5.1.11 does show that using the exit gas temperature is not representative of the gauze 
temperature if electrical heating is applied. The case shown is the most extreme, but the result still shows 
that the gas temperature at the exit may be nearly 200°C greater than the temperature of the first gauze. As 
is shown in Figure 5.1.7, the majority of ammonia will be burnt on this first gauze. As a result of this effect, 
comparison of results from experiments where different flow and inlet conditions are compared must be 
restricted to the adiabatic case. 
 
5.1.4 Radiation loss case 
Modelling the effects of radiation on the gauze pack is very complex, and some simplifying assumptions have 
been made. As the experiments with electrical heating have been discarded, and electrical heat is not used 
industrially, in the radiation loss model electrical heating has been ignored. The effects of radiation will be 
examined in the context of adiabatic combustion only. 
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A crude, zero order approximation is that only the first gauze radiates, and only in the upstream direction. 
This assumption has been made because for the first gauze the difference in temperature between gauze 
and the surroundings is greatest. The difference in temperature between the each layer of gauze is slight 
when compared to the difference between the first gauze and the entrance. The difference in temperature 
between the last gauze and the exit will be negligible also. Thus the radiative heat flux in the downstream 
direction will be much less than in the upstream direction.  
Thus the small section of wire shown in Figure 5.1.1, only the front surface will radiate. The radiative heat 
loss is: 
 q𝑟𝑎𝑑 = 𝐹𝐴𝜀𝜎�𝑇𝑠,𝑓4 − 𝑇∞,𝑓4� 5.1.55 
Where 𝐹𝐴 is the view factor and has been taken to be a half as only the front face is radiating, 𝜀 is the 
emissivity and has been taken to be 1, 𝜎 the Stefan Boltzmann constant, 𝑇𝑠,𝑓 and 𝑇∞,𝑓 are the temperature 
of the first gauze surface and bulk respectively. The temperature of the surroundings will be the same as the 
bulk temperature at the first gauze, i.e. the inlet temperature.  
Neglecting electrical heating, the energy balance for the surface is: 
 q𝑐𝑜𝑚𝑏 − q𝑐𝑜𝑛𝑣 − q𝑟𝑎𝑑 = 0 5.1.56 
Substituting the respective terms in to the energy balance – equation 5.1.23 for q𝑐𝑜𝑚𝑏 and q𝑐𝑜𝑛𝑣  terms – 
and 5.1.55 for the radiative flux, the balance for the first gauze becomes: 
 0 = ℎ�𝑇𝑠,𝑓 − 𝑇∞,𝑓� − ∆𝐻𝑐𝑜𝑚𝑏𝑘𝑔𝑐 𝑁𝐻3|∞ +  𝐹𝐴𝜀𝜎�𝑇𝑠,𝑓4 − 𝑇∞,𝑓4� 5.1.57 
The temperature of the surroundings is the same as the bulk temperature. With further rearrangement, the 
surface temperature can be solved iteratively from the equation: 
 𝑇𝑠,𝑓 = 𝑇∞,𝑓 + ∆𝐻𝑐𝑜𝑚𝑏 1𝐶𝑝 � 1𝐿𝑒�23 𝑥 𝑁𝐻3|𝑖𝑛 −  𝐹𝐴 𝜀𝜎ℎ �𝑇𝑠,𝑓4 − 𝑇∞,𝑓4� 5.1.58 
From equation 5.1.58 it is clear that as the heat transfer coefficient is increased, the radiation term 
decreases. As the mass flux is increased the heat transfer increases also. Figure 5.1.13 shows the effect of 
radiation on the first gauze for combustion in air (Lewis number of 0.9), as the loading is increased from 104 
to 106 kg.d-1.m-2 which is the loading range for industrial burners. Also shown is the first gauze temperature 
without radiation for combustion with air ballast (Lewis number equal to 0.9) and in a medium with a unity 
Lewis number, i.e. the case where the gauze surface has the adiabatic exit temperature. 
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Figure 5.1.13 The first gauze temperature versus loading, for combustion in 10% NH3 in air. Inlet gas temperature of 200°C. Points 
are the first gauze temperatures with radiation included, dashed line for first gauze temperature no radiation and combustion in 
air(Le = 0.9),  dotted line is adiabatic exit temperature. 
In the figure, the increase in flow diminishes the effect of the radiative heat losses. However even at the 
lowest flow rates, radiative heat losses do not manage to completely reduce the first gauze to the adiabatic 
gas temperature. The significance of the result is that burner with a lower loading will have a somewhat 
lower first gauze temperature, but may still operate above the temperature that it is currently assumed to 
be in industry. 
 
5.1.5 Conduction through the gauze pack 
The modelling of the addition of conduction is difficult, as the inclusion of axial conduction to convection 
from the gauze surface does not admit an explicit closed-form solution. For the present purposes, it suffices 
to compare the conduction heat flux with other heat flux terms, to determine the extent to which 
conduction will act to even out the gauze temperature and whether the profile predicted by the simple 
model outlined above will suffice. 
Figure 5.1.14 shows the model for conduction in the gauze pack. The whole gauze pack is treated as a porous 
bed, which is shown as the gray block, and has gas flowing through it in the direction of the red arrows.  
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Figure 5.1.14 A schematic of the conduction in the gauze pack. 
The front face of the bed will have a temperature of 𝑇𝑓,𝑠 and the exit of the block will be at 𝑇𝑎𝑑,𝑠, which is the 
adiabatic exit temperature. The porous bed has an effective thermal conductivity in the direction of flow of 
𝜆𝑒𝑓𝑓, and the depth of the bed is 𝐿∗. We have defined 𝐿∗ as the depth into the gauze pack where the gas 
temperature is equal the surface gauze temperature, beyond which there is no further convective heat 
exchange between the bulk gas and the gauze surface. The mass flux of gas through the packed bed is 𝐺. The 
conductive heat flux through the packed bed is: 
 𝑞𝑐𝑜𝑛𝑑 = 𝜆𝑒𝑓𝑓 𝑇𝑓,𝑠 − 𝑇𝑎𝑑,𝑠𝐿∗  5.1.59 
where the effective conductivity of the bed is defined as: 
 𝜆𝑒𝑓𝑓 = 𝜆𝑃𝑡(1 − 𝜀) 5.1.60 
𝜀 is the porosity of the gauze pack, and 𝜆𝑃𝑡 is the thermal conductivity of platinum, which is well described in 
the literature23
 
. The depth of the porous bed is: 
𝐿∗ = 𝑡𝑔𝑁∗ 5.1.61 
                                                          
23 𝜆𝑃𝑡 = (0.648 + 1.87 × 10−4(𝑇𝑠 + 273.15)) × 102 in W/m/K (Slack, 1964) 
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Where 𝑁∗is the gauze number at which the gas temperature reaches the adiabatic gas temperature. The 
convective heat flux (𝑞𝑐𝑜𝑛𝑣,𝑔𝑎𝑠) of the gas flowing through the porous bed, is the mass flux of the times the 
enthalpy rise of the gas: 
 𝑞𝑐𝑜𝑛𝑣,𝑔𝑎𝑠 = 𝐺∆𝐻𝑔𝑎𝑠 5.1.62 
The enthalpy rise of the gas – in kJ.kg-1 - can be written in terms of the heat of combustion, a term in 
kJ.molNH3-1: 
 ∆𝐻𝑔𝑎𝑠 = 𝐺 𝑥𝑁𝐻3𝑀𝑤 ∆𝐻𝑐𝑜𝑚𝑏 5.1.63 
where 𝑀𝑤 is the molecular mass of the gas mixture
24
To compare the conductive heat flux to the other terms acting on the first gauze, we define the 
dimensionless term Π. It is the ratio of the conductive heat flux to the convective and radiative (𝑞𝑟𝑎𝑑,𝑓) heat 
fluxes: 
 and 𝑥𝑁𝐻3  the mole fraction of ammonia in the feed.  
 Π = 𝑞𝑐𝑜𝑛𝑑𝑞𝑐𝑜𝑛𝑣,𝑔𝑎𝑠 + 𝑞𝑟𝑎𝑑,𝑓 5.1.64 
A value of Π much greater than 1 would indicate that conduction dominates in the gauze pack, and the pack 
can be considered to be constant temperature throughout. A number much less than 1 means that 
conduction has little impact on the temperature gradient through the gauze pack. 
To include the radiation  q𝑟𝑎𝑑,𝑓 from the front face we have: 
 𝑞𝑟𝑎𝑑,𝑓 = 𝐹𝐴𝜎�𝑇𝑠,𝑓4 − 𝑇surroundings4� 5.1.65 
The view factor is in this case is: 
 𝐹𝐴 = (1 − 𝛾)2  5.1.66 
where 𝛾 is the fractional open area of the gauze. Substituting the two heat fluxes from equations 5.1.59 and 
5.1.62, in to 5.1.64:  
 Π = 𝜆𝑃𝑡(1− 𝜀)𝑇𝑓 − 𝑇𝑎𝑑𝑡𝑔𝑁∗
𝐺
𝑥𝑁𝐻3
𝑀𝑤
∆𝐻𝑐𝑜𝑚𝑏 + 𝑞𝑟𝑎𝑑 5.1.67 
Figure 5.1.15 shows the ratio Π versus the mass flux for Gauze A and Gauze B for combustion of 10% 
ammonia in air. The first gauze temperature is the same in each case (829°C), as is the exit temperature 
(776°C).  
                                                          
24For 10% NH3 in air, 𝑀𝑤is 26.9 g.mol
-1, and in the case of steam ballast 20.7 g.mol-1. 
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Figure 5.1.15 The ratio of conduction through the gauze pack to convection and radiation heat fluxes (𝚷) versus the gauze loading 
for Gauze A and Gauze B. Conditions are for combustion in air, adiabatic exit temperature of 776°C, 10% NH3, which gives a first 
gauze temperature of 829°C.  
From equation 5.1.67 it is clear that increasing the mass flux has a large effect in decreasing the ratio Π. Not 
only is it explicitly in the denominator, but it is also implicitly in 𝑁∗. As the mass flux is increased,  𝑁∗ 
increases also. For both gauzes used Π < 1, as the mass flux is increased to loadings close to those at high 
pressure the  value Π ≪ 1. The model gives an upper bound of the conduction as it assumes perfect physical 
and thermal contact between gauze layers in the porous bed. Thus we assume that conductive fluxes will be 
insufficient to reduce the gauze to a constant gauze temperature, and the temperature profiles predicted by 
the model for Lewis numbers not equal to 1, are likely to be those seen in the experiments. This is what has 
been seen by previously experimentally by Apel’baum and Temkin, and is shown in Figure 5.1.9.  
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5.2 Model parameters 
The model outlined above requires a number of properties. From equation 5.1.35, the surface temperature 
is a function of  𝑇𝑠(𝐿𝑒,𝐶𝑝,∆𝐻𝑐𝑜𝑚𝑏 ,Λ), and  from equation 5.1.34 the bulk gas temperature is a function of 
𝑇∞(𝐶𝑝,∆𝐻𝑐𝑜𝑚𝑏,Λ). 
Equation 5.1.31 shows that the Lewis number is a function of the Schmidt number 𝑆𝑐(𝜇,𝜌,𝔇m,i) (equation 
5.1.28), and the Prandlt number 𝑃𝑟(𝐶𝑝,𝜇, 𝜆) (equation 5.1.25).  The conversion per stage, Λ  is shown in 
equation 5.1.19, and is a function of 𝑘𝑔,𝑖,𝜌,𝐺,𝑎, 𝑡𝑔. From equation 5.1.29, the mass transfer coefficient is a 
function of 𝑅𝑒, 𝑆𝑐,𝔇m,i,𝑑𝑤, where the Reynolds number is given in equation 5.1.33 to be 𝑅𝑒(𝐺, 𝜇, 𝑑𝑤 ,𝛾). If 
radiation is included in the model (equation 5.1.58), knowledge of the heat transfer coefficient is required. 
Equation 5.1.26 gives the heat transfer coefficient, ℎ(𝑅𝑒,𝑃𝑟, 𝜆,𝑑𝑤). 
For the properties required for the temperature model, Chemkin has been used to calculate the transport 
and thermodynamic properties of the mixture. Kee et al. give the methodology of how the properties are 
calculated (Kee, Grcar, Smooke, & Miller, 1985), where the latest transport properties database has been 
used for the input data, and is shown in Table 5.2.3. However the accuracy that Chemkin calculates these 
terms has not been determined, and as ammonia and water are polar molecules, values determined by 
Chemkin may be erroneous. In the following section, data from the literature is compared to the results 
given by Chemkin. For many of the properties, such as viscosity and heat capacity, calculation of the mixture 
properties is difficult. In the next section we will evaluate the pure species data, and rely on the mixing 
formalism provided by Chemkin. 
 
5.2.1 Diffusion coefficients 
Two literature sources have been found for ammonia and steam diffusion. In the first, Bae and Reed give 
data for a series of polar molecules amongst which are ammonia and water (Bae & Reed, 1971). Data are 
given as Lennard-Jones potential well depths and collision diameters, from which the binary diffusion data 
can be calculated, with correction for the polarizability of the molecules. The data from Bae and Reed’s study 
is given in Table 5.2.1. 
- K A° Debye Cubic A° g.mol-1 - 
Species L-J potential 
well depth 
L-J collision 
diameter 
Dipole 
moment 
Polarizability Molecular 
weight 
Source 
𝒊 𝜺 𝒌𝑩⁄  𝝈 𝝁 𝜶 𝑴𝒊  
N2 71.4 3.798 0.00* 1.710* 28.01 (Massman, 1998) 
O2 106.7 3.467 0.00* 1.562* 32.00 (Massman, 1998) 
H2O 96.3 3.439 1.85* 1.501* 18.02 (Bae & Reed, 1971) 
NH3 154.0 3.842 1.47* 2.103* 17.03 (Bae & Reed, 1971) 
Table 5.2.1 Data used to derived binary diffusion data from Bae and Reed (Bae & Reed, 1971). N2 and O2 data from (Massman, 
1998). Asterisk data has been sourced from NIST. L-J = Lennard-Jones. 
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In the second study, Massman reviews data from other literature sources (Massman, 1998). This data is 
correlated against temperature to give binary diffusion coefficients for ammonia and water in the bath gases 
of nitrogen and oxygen. The fits at a pressure of 1 atm are given according to the following equation: 
 𝔇m,i(T) = 𝔇m,i(T0) � TT0�1.81 5.2.1 
where 𝑇0 is 273K, and the diffusion coefficients are at this temperature (𝔇𝑚,𝑖(𝑇0)). The values given by 
Massman are given in Table 5.2.2 for a pressure of 1 atm. 
 cm2/s cm2/s 
𝒊 𝕯𝑶𝟐,𝒊(𝑻𝟎) 𝕯𝑵𝟐,𝒊(𝑻𝟎) 
𝐻2𝑂 0.2457 0.2190 
𝑁𝐻3 0.1992 0.1978 
Table 5.2.2 The coefficients used in the Massman correlations for binary diffusion coefficients in oxygen and nitrogen, 
temperature 273K and 1 atmosphere (Massman, 1998) 
The data from these two studies is compared to that of Chemkin, which calculates the diffusion coefficients 
using a method based on the Stockmayer potential. The data used to calculate the diffusion coefficients is 
given in Table 5.2.3. 
 - K A° Debye Cubic A° - 
 Index L-J potential 
well depth 
L-J collision 
diameter 
Dipole 
moment 
Polarizability Relaxation collision 
No. @298 K 
Species 𝒊 𝜺 𝒌𝑩⁄  𝝈 𝝁 𝜶 𝒁𝒓𝒐𝒕 
N2 1 97.53 3.621 0.000 1.76 4.00 
O2 1 107.40 3.458 0.000 1.60 3.80 
H2O 2 572.40 2.605 1.844 0.00 4.00 
NH3 2 481.00 2.920 1.470 0.00 10.0 
NO 1 97.53 3.621 0.000 1.76 4.00 
CO2 1 244.00 3.763 0.000 2.65 2.10 
Table 5.2.3 The properties used by Chemkin to calculate the transport properties of the gas mixture for ballast media given in the 
literature. The value in the index column indicates if the molecule is monatomic (0), linear (1), or non-linear (2). L-J = Lennard-
Jones. (Kee et al., 1998)   
The binary diffusion coefficients calculated from these three sources are shown in Figure 5.2.1 for the pairs 
of nitrogen, oxygen, water and ammonia. On the left hand graph, the absolute values of the binary diffusion 
coefficient are shown. The values of Bae and Reed, and Chemkin agree closely for all the combination of 
pairs, and are within 13% of each other. The Massman values are also similar to those of Chemkin, and with 
the exception for the water oxygen pair are within 8%. The Chemkin and Massman data for the water oxygen 
pair differ by 17%.  
The graph on the right in Figure 5.2.1 shows the how the values for a pair vary relative to each other for 
three methods of prediction. The coefficients are shown relative to the nitrogen water pair, as it is the only 
pair of species that is not of interest in our system. For the ratio of the pairs, Chemkin and Bae’s agree best, 
with the difference between the Chemkin and Bae values being <7% for all the pairs. 
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Thus the assumed error in using the Chemkin values for the absolute diffusion coefficient is ±13%, which is 
the maximum difference between Bae and Chemkin. For the cases in Chapter 6 where the ratio of diffusion 
coefficients is required, the uncertainty is taken to be 7%. 
 
Figure 5.2.1 The binary diffusion coefficients of the H2O, N2, O2, and NH3 system, as predicted by Chemkin (this study), Bae and 
Reed (1971), and Massman (1998). Conditions are at 1bara, 700°C. Left hand graph shows the diffusion coefficient pairs, right 
hand graph the binary diffusion coefficients relative to the H2O-N2 pair. 
 
5.2.2 Thermal conductivity 
The values given by Chemkin for pure species thermal conductivity were compared to data from the 
literature. The literature data comes from four studies, which are described below. Chemkin uses the 
properties shown in Table 5.2.3 to calculate the thermal conductivity. Figure 5.2.2 shows the data in 
Chemkin and the literature at 200°C and 700°C for six species  
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Figure 5.2.2 Thermal conductivity of pure species as calculated by Chemkin, and experimental data in the literature (Afshar, 
Murad, & Saxena, 1981; Brain, 1969; Schaefer & Thodos, 1959; Vesovic et al., 1990), at 200 and 700°C and 1 atm. 
The thermal conductivity of ammonia has been measured experimentally by a number of researchers. Tufeu 
et al. reviewed experimental data from several other studies, with the variation of results being below 8% for 
the temperature range 0 and 300°C (Tufeu, Ivanov, Garrabos, & Le Neindre, 1984). Afhar et al. give a 
correlation of the thermal conductivity in the range 85 to 650°C with maximum error of 5 percent (Afshar et 
al., 1981). It is the value from this correlation that is shown in Figure 5.2.2 for ammonia, as the temperature 
range is more relevant for ammonia combustion. There is good agreement with Chemkin in the high 
temperature range, but less good in the low where there is a difference of 19% between the two values. 
However the correlation given by Tufeu, which is valid between 25 and 307°C gives a value for the thermal 
conductivity at 200°C which is 14% different from Chemkin.  
For steam, the thermal conductivity has been measured experimentally by Brain at atmospheric pressure 
(Brain, 1969), and are the values shown in the figure. Brain’s correlation is valid in the range 100 to 700°C, 
with error from the experimental values under 3%. The difference from the Chemkin values is 29% in the low 
temperature and 13% in the high range. 
Nitrogen, oxygen and NO thermal conductivities were reviewed by Schaefer and Thodos for diatomic 
molecules (Schaefer & Thodos, 1959). Nitrogen experimental data was fit in the range 0 to 1200°C, while 
oxygen was fit from 0 to 640°C. NO had a much smaller temperature fit, from 0 to 100°C. The error of 
experimental data is under 3.2%, and the deviation of the Chemkin prediction for these species is below 10 
percent across the temperature range. 
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A review of the physical properties of carbon dioxide has been carried out by Vesovic et al. (Vesovic et al., 
1990). In this study the experimental data has been reviewed, and the variation of data is under 5%. The 
data from Vesovic is shown above, and the error between Chemkin and the study is less than 2%.  
Chemkin is able to replicate experimental results with an error < 10 percent for all but two species. It is the 
water and ammonia that give the greatest error, and uncertainty contribution to the Lewis number from the 
thermal conductivity is much greater than from the binary diffusion coefficient.  
 
5.2.3 Heat capacity and enthalpy 
The heat capacity and enthalpies were calculated using NASA 7 polynomials, provided by Burcat and Ruscic 
(Burcat & Ruscic, 2005). Burcat and Ruscic fitted NASA polynomials to calculated data, which had been 
calculated with accuracy greater than 0.1%. Figure 5.2.3 below shows the heat capacities calculated from the 
NASA polynomials, and the values taken from NIST. There is good agreement at both 200 and 700°C. The 
enthalpies are used to calculate the heats of combustion, and the error is taken to be 0.1% for both heat 
capacity and enthalpy. 
 
Figure 5.2.3 For the pure species Heat capacities at 200 and 700°C, for both NASA polynomials and NIST data. 
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5.2.4 Density 
The density used for the Lewis number comes from the equation of state for a perfect gas. This method gives 
good agreement with the data given by NIST. It has a very low uncertainty in comparison to all the other 
terms that make up the Lewis number. The error in the density is lower than 0.5%. 
 
5.2.5 Lewis number 
For ballast media shown in the literature Figure 5.2.4 shows the Lewis number for ammonia in different 
ballast gases at 200 and 700°C, which were calculated using Chemkin. Using the same error propagation 
method shown in Chapter 3, the degree of uncertainty of the prediction of the Lewis number by Chemkin 
has been calculated also, and is shown for the 700°C case. The greatest error in the calculation arises from 
Chemkin’s ability to predict the thermal conductivity of the gas. The next biggest error is in the diffusion 
coefficients. 
The assumption is usually made that the Lewis number is 1 in air is incorrect. For all the ballast media, except 
water, the Lewis number is well below 1. For steam ballast the Lewis number is one, albeit with significant 
uncertainty. For the analysis in the next subsection, the Lewis number for nitrogen, oxygen and nitric oxide 
ballast will be assumed to be 0.9, carbon dioxide at 0.7, and water 1.0. 
 
Figure 5.2.4 The Lewis number for ammonia in different ballast gases. 10% ammonia, 20% oxygen and balance N2, H2O, O2, CO2 or 
NO at 200 and 700°C as calculated using Chemkin. Error bars are for 700°C. 
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5.2.6 Viscosity 
The pure species viscosities were found in the literature, and compared to the values predicted by Chemkin. 
Chemkin uses the values presented in Table 5.2.3 to calculate the pure species viscosities, which are used by 
the Wilke formula to calculate the viscosity of the mixture (Wilke, 1950). The literature and Chemkin values 
for 200 and 700°C are shown in Figure 5.2.5 for the pure species.  
 
Figure 5.2.5 The viscosities of pure species from the literature and predicted by Chemkin, for 200 and 700°C. Literature sources 
given in the text. 
Latto carried out an experiential study to find the viscosity of steam at atmospheric pressure (Latto, 1965). 
The experimental error in the viscosities was under 2%. The error in the prediction by Chemkin and the 
experimental data is under 3.5% across the temperature range. 
Oxygen and nitrogen viscosities are well studied. The values from the literature have been taken from NIST. 
The error in the values given is less than 2% for both species. The difference between literature and Chemkin 
prediction for both these species is under 2.5%. 
Fenghour et al. reviewed ammonia viscosity in the range -70 to 400°C, and the error in correlation of all the 
experimental data is 3% across the range (Fenghour et al., 1995). The difference between Fenghour’s 
prediction and Chemkin is within 4% in this range. Only one study exists for the temperature range of 
interest for combustion. The study of Trautz and Heberling gives experimental data in the range 20 to 700°C, 
with error between 2 and 10%, and it is the data shown in the figure above (Trautz & Heberling, 1931). 
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Chemkin is able to replicate the Trautz data within 10% at 700°C, and is the largest error in prediction of the 
experimental data for the species investigated. 
The viscosity of carbon dioxide was reviewed by Fenghour et al., and the errors of the viscosities given are 
under 2% (Fenghour, Wakeham, & Vesovic, 1998). The values that Chemkin returns for the pure species 
viscosity are within 1% of those given by Fenghour.   
The viscosity of nitric oxide was studied in the range 100 to 1000°C by Ellis et al., and the experimental 
results of the viscosity had an accuracy of 1% (Ellis & Raw, 1959). The difference between the Chemkin 
prediction and Ellis’ results is under 5%. 
With the exception of ammonia, the Chemkin predictions of the pure species viscosities are within 5% of the 
experimental results. The error for the ammonia prediction is less clear, and is considered to be similar to 
the other species. The values for the mixture are evaluated by Chemkin are considered to have an error of 
below 6%. 
 
5.2.7 Reynolds number, and heat and mass transfer coefficients 
The error in the Reynolds number is calculated as the root of the  sum of the squared error of the mass flux, 
wire diameter, open area and viscosity. In chapter 3, the error in the mass flux was calculated to be 1.4%, 
while the error in the wire diameter given by the manufacturer is 2% and the method of calculation of the 
fractional open area used in the thesis 3%. The previous subsection gave the error in the viscosity to be 
below 6%, so using a sum of squares error propagation, the estimated uncertainty in the Reynolds number is 
7%. 
The error in the Schmidt number, as calculated using propagation of error from the parameters above is 
between 8 and 15%. Using this value and the Reynolds number we get an uncertainty in the mass transfer 
coefficient of between 12 and 17%. The Prandtl number error is between 12 and 17% depending on the 
ballast gas. Hence the heat transfer coefficient error is estimated to lie between 17 and 20%. The heat 
transfer coefficient is much more uncertain than the mass transfer coefficient as the error in prediction of 
the thermal conductivity is much worse than the diffusivity, particularly in the case of steam ballast. 
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5.2.8 Heat of combustion 
Figure 5.2.6 shows the heat of combustion versus temperature from Burcat and Ruscic’s NASA polynomials 
and a literature source which has been used in other studies (Oele, 1958; Rase, 1977). The dot dashed line in 
the figure show the heat of combustion given by Harrison as a function of temperature in Celsius (Harrison & 
Kobe, 1953): 
 ∆𝐻𝑐𝑜𝑚𝑏(𝑇) = 227.1 − 0.167(𝑇 − 25) kJ. mol−1 5.2.2 
The dashed line is the heat of formation of NO as calculated from the NASA polynomials. The red line is the 
NASA heat of combustion for a selectivity of 97% NO, 2% N2, and 1% N2O, which is the best selectivity seen 
industrially. The blue line is the NASA heat of combustion for a selectivity of 95% NO, 3% N2, and 2% N2O, 
which is the normal NO selectivity for high pressure plants. 
 
Figure 5.2.6 The heat of combustion versus temperature. Both the dotted line, and the two solid lines are calculated from NASA 
polynomials. The dot-dash line is from the literature (Harrison & Kobe, 1953). 
In the model, the heat of combustion has been considered to be constant across the temperature range, 
which is the same assumption that has been made by other authors (Oele, 1958; Rase, 1977). The 
assumption seems to be valid, as the heat of combustion varies by less than 1% across a range of 
temperatures and selectivities. It should be noted however that the Burcat polynomials which have been 
used to calculate the heats of combustion are far more accurate than the values given by Harrison’s study, 
which was used in previous models. Harrison’s study is simply shown here for comparison.   
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5.3 Burner properties effect on the temperature profile. 
The next subchapter uses the model described above, and discusses how the burner properties affect the 
temperature of the gauze pack. The parameters of interest are the ballast medium, pressure of operation, 
inlet ammonia mole fraction, and the burner loading. Finally there is some analysis of the magnitude of axial 
conduction in the gauze pack in comparison to the other heat fluxes in the model.  
 
5.3.1 Ballast medium 
Subchapter 5.1.2 showed that the assumption made by both Oele and Roberts that ammonia in air has a 
unity Lewis number is incorrect. Figure 5.1.5 showed that the ballast medium has a considerable effect on 
the surface temperature profile in the gauze pack. From equation 5.1.36 the terms that are a function of the 
ballast gas are: 
1. The inverse of heat capacity �𝐶𝑝−1� 
2. The Lewis number, in the form �𝐿𝑒−
2
3� 
3. The conversion per stage (Λ) 
Figure 5.3.1 shows these three variables, for five ballast gases shown in the literature. The inverse of heat 
capacity has been normalised against nitrogen ballast. 
 
Figure 5.3.1 The variation of terms in the gauze temperature expression variation with ballast medium, conditions at 500°C and 2 
bara, and a constant mass flux of 50,000 kg.d-1.m-2. The inverse of heat capacity for ballast specie 𝒊  𝑪𝒑,𝒊−𝟏 is normalised against 
nitrogen ballast heat capacity 𝑪𝒑,𝑵𝟐. 
152 
 
The Lewis number of steam ballast is close to 1, so in the absence of radiation one would expect the gauze 
pack to have the same temperature throughout. Nitrogen, NO and oxygen all have a similar Lewis number of 
about 0.9. With a Lewis number below 1 the temperature of the first gauze will be somewhat elevated from 
the adiabatic gauze temperature. Finally CO2, which has a much lower Lewis number, would have greatly 
elevated first gauze temperature.     
The second variable in the figure shows the inverse of heat capacity, which is normalised against nitrogen 
ballast. All the ballast media, with the exception of water and CO2, are within 5 percent of each other. As 
such, if the flow conditions are kept the same for these similar ballast media one would expect a very similar 
exit gas temperature for the same entrance temperature. The heat capacity of water is lower than nitrogen, 
and would therefore give a lower exit temperature for a given entrance temperature, and the effect is even 
more pronounced with CO2. 
The third variable gives the conversion per stage. The mass flux for each of the cases has been kept constant, 
as has the ammonia mole fraction and the gauze type. Interestingly the conversion per stage is very similar 
for all ballast media at about 80%. This means that the number of gauzes needed for each ballast media 
should be the roughly the same. 
The temperature profiles of the three most different of the ballast gases – steam, carbon dioxide, and 
nitrogen – are shown in Figure 5.3.2 and Figure 5.3.3. The ammonia and oxygen mole fractions have been 
held constant at 10% and 20% respectively, as has the total mass flow rate of the mixture and pressure. The 
inlet temperature has been varied to keep the exit temperature constant. The temperature of the gauze and 
the loading is higher than shown in Figure 5.1.5, and is closer to that used industrially.  
The effect of Lewis number on the first gauze is striking. In the case of nitrogen ballast, where the Lewis 
number is approximately 0.9, this gives a difference of over 50°C between the first gauze and the last. For 
carbon dioxide ballast the rise above the adiabatic gauze temperature is over 100°C. For steam ballast, which 
has a Lewis number close to 1, the gauze temperature is approximately 850°C throughout the gauze pack.  
Previous researchers and plant operators have always assumed that the gauze pack has a uniform 
temperature throughout, and quoted the exit gas temperature in lieu of a measured first gauze surface 
temperature. This assumed temperature has also not been the temperature that the majority of their 
ammonia has been consumed at. This effect is best shown in the context of gauze loading, which is discussed 
in the next subsection.   
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Figure 5.3.2 The calculated surface temperature through the gauze pack for combustion at 2 bara, 10 percent NH3 and 20 percent 
oxygen and constant gauze loading of 179,200 kg.d-1m-2. Inlet temperature has been varied to keep constant exit temperature. 
Three cases are shown, combustion with steam, nitrogen and CO2 ballast. The dotted lines show the bounds of error in the 
prediction of the temperature for the cases of air and steam ballast. 
 
Figure 5.3.3 The calculated bulk gas temperature through the gauze pack for combustion at 2 bara, 10 percent NH3 and 20 percent 
oxygen. Same conditions as previous figure. 
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5.3.2 Loading and gauze type 
From the equation 5.1.19, the loading will affect the conversion per layer of gauze. In the expression the 
loading features both explicitly as one of the terms, but also implicitly in the mass transfer coefficient. The 
equation for surface temperature of the first gauze is independent of the conversion per stage, but 
subsequent layers are not. The bulk temperature at a given layer will be higher or lower depending on the 
conversion before it. Hence an increase in mass flux will not change the first gauze temperature, but it will 
increase the following layers. This effect is shown in Figure 5.3.4 for three different loadings. 
 
Figure 5.3.4  The gauze temperature through the gauze pack, shown for 3 different loadings. 10% NH3 combustion in air. 
Figure 5.3.5 shows Ω, the conversion per layer as a percentage of the total ammonia in (defined in equation 
5.1.39) versus the gauze number in the pack. As the gauze loading is increased, the ammonia consumed per 
layer as a percentage of the total decreases. 
The fact that the subsequent gauzes are at a higher temperature adds to the point made at the end of the 
last subsection. The temperature at which ammonia is consumed is very different as the loading is increased. 
Figure 5.3.6 shows the percentage of ammonia that is converted at a given surface temperature, for three 
different loadings. Each point is a layer of gauze, with the first gauze being on the furthest right. It is clear 
that as the loading is increased, the ammonia is burnt at a lower temperature. 
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Figure 5.3.5 The conversion as a percentage of the total versus gauze number in the pack. Shown for the same 3 loadings in the 
previous figure. 10% NH3, combustion in air.  
 
Figure 5.3.6 The conversion as a percentage of the total, and the gauze temperature at which it occurs at, shown for the same 3 
loadings as the previous two figures. 10 vol.% NH3, combustion in air. Each data point is a layer of gauze, the first layer is shown 
on the furthest right. 
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5.3.3 Pressure of operation 
All the terms in equations in the model are independent of pressure. The Lewis number and heat capacity 
are constant with pressure. Similarly none of the terms in the radiation loss part of the temperature 
expression are effected by pressure. Hence pressure will not affect the temperature profile.  
 
5.3.4 Ammonia mole fraction 
The ammonia mole fraction features both in the gauze surface and gas bulk temperature expressions. An 
increase in the inlet ammonia mole fraction has the effect of raising both temperatures. Figure 5.3.7 shows 
the increase in front gauze temperature in the case of air ballast. The total flow has been kept the same in 
the three cases. The adiabatic gauze temperature has been kept constant by changing the inlet gas 
temperature. The first gauze temperature is 10°C hotter, because of this rise in mole fraction. This is a very 
small rise in temperature of the first gauze, for such a large change in the ammonia mole fraction. In the 
model a four percent increase in the inlet ammonia mole fraction equates to a 296°C decrease in inlet gas 
temperature. 
 
Figure 5.3.7 The gauze pack surface temperature profile for 3 different ammonia mole fractions. Fixed gauze loading of 173,550 
kg.d-1.m2, air ballast, with inlet temperature varied to maintain gauze temperature of 850°C   
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5.4 Summary 
In summary, the temperature profile predicted by the model outlined in this chapter is very different to that 
proposed by other researchers (Oele, 1958; Roberts & Gillespie, 1975). Most importantly the model removes 
the assumption of a Lewis number for ammonia of 1 as it is not applicable for the majority of ballast gases. 
Thus the current understanding that gauze temperatures are the same as the adiabatic gas temperature is 
incorrect. This is an effect which has been seen by researchers studying other combustion systems (Geus & 
Giezen, 1999; Pfefferle & Pfefferle, 1987; Satterfield et al., 1954). However in ammonia combustion only one 
author has noted non uniform gauze pack temperature for combustion in air (Apel'baum & Temkin, 1948), 
and this thesis is the first to offer an explanation of why.  
The model highlights five points that have not previously been considered in the literature: 
1. Gauze temperature is not constant through the pack, and that of the first gauze can be significantly 
different from the adiabatic combustion temperature. 
2. The gauze loading changes the temperature profile of the gauze pack, and hence the temperature 
at which the majority of ammonia is burnt at. 
3. Radiation effects are dependent on the gauze loading, and hence also change the temperature of 
the first gauze.  
4. Pressure does not affect the temperature profile of the gauze pack. 
Lastly the model has shown that the choice of electrical gauze heating has been a deeply flawed one. Even 
though an increase in electrical power input will result in a hotter gauze pack, it is impossible to determine 
the temperature at which the ammonia has been consumed. 
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6 Reaction kinetics  
The catalytic combustion of ammonia is considered to be controlled by the flux of species through the 
diffusion boundary layer (Andrews, 1985; Apel'baum & Temkin, 1948; Honti, 1976; Oele, 1958). The first 
subsection describes the development of a model to look at the interaction of the mass transfer and reaction 
kinetics. In the following section two master plots are introduced, and the model is then used to examine the 
individual burner parameters of loading, gauze temperature, pressure, gauze type and oxygen-to-ammonia 
ratio. The final part of the chapter examines the decomposition reactions.  
 
6.1 Model 
Previous studies have examined the role of the boundary layer in partial oxidation selectivity for combustion 
over gauze. The studies have either modelled hydrocarbon partial oxidation (Dietz & Schmidt, 1995; Hickman 
& Schmidt, 1992; Pfefferle & Pfefferle, 1987; Quiceno, Pérez-Ramírez, Warnatz, & Deutschmann, 2006), or 
ammonia combustion (Andrews, 1985; Hickman & Schmidt, 1992; Löffler & Schmidt, Loffler; Neumann et al., 
2002; Nutt C, Kapur, & Majeed, 1982). Only the studies by Quiceno et al. and Neumann et al. use 
Computational Fluid Dynamics (CFD),  and  Neumann’s study gives no results for comparison to the model 
presented below. For the other models used to study ammonia combustion, all suffer from at least two or 
more of the following over simplifications: 
1. An underdeveloped surface reaction mechanism
2. 
. In the case of Andrew’s study, the loss forming 
reactions are lumped together, while Hickman and Nutt ignore the formation of N2O completely.  
The same mass transfer coefficients used for all species
3. 
. Only Nutt et al. include different mass 
transfer coefficients for oxygen and ammonia. It has been shown by Oele that the assumption of the 
same transfer coefficients for all the species leads to poor determination of the oxygen excess at the 
surface (Oele 1958).  
Omission of the transfer of NO from the surface
The model presented in the next subsections will be the first for ammonia combustion to use a validated 
surface kinetic model – that developed by Traversac - rather than generalised reaction kinetics (Traversac, 
2007). It will also be the first to use standard expressions for mass transfer of individual species to 
. Exclusion of NO transfer from the surface does not 
allow N2O formation to be included in the model. None of the models includes this step. 
and
For mass-transfer-limited combustion, it should be noted that there are two surface conditions. The first is 
where the reaction is limited by the rate of mass transfer of ammonia to the surface and there is excess 
oxygen at the surface. For industrial combustion, operation is in the oxygen excess regime. The second case 
 from 
the surface, and importantly does not assume the mass transfer coefficients are the same for all species. 
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arises when oxygen is the limiting reagent, and the overall reaction is limited by the transfer of oxygen to the 
surface. This case is not relevant to industrial combustion for nitric acid, but when ammonia is burnt to make 
NO such as in the BASF process, the surface is much closer to the stoichiometric state. As Traversac’s micro 
kinetic model was validated in the oxygen excess region only, the model will also be developed for oxygen 
excess. 
 
6.1.1 Model overview 
A schematic of the model is shown in Figure 6.1.1, showing the mass transfer to and from the surface, and 
the surface reactions. The green arrows show the transport of oxygen and ammonia from the bulk (where 
they are at a concentration of [𝑂2]∞ and [𝑁𝐻3]∞ respectively), to the surface (where they are at a 
concentration of [𝑂2]𝑠 and [𝑁𝐻3]𝑠). The rates at which they are transported are dependent on the 
concentration gradients between the bulk and the surface, and the mass transfer properties related to the 
type of gauze, gas composition and the flow conditions. 
 
Figure 6.1.1 An overview of the mass transfer to and from the surface. [𝑶𝟐]∞, [𝑵𝑯𝟑]∞ and [𝑵𝑶]∞ are the concentrations of 
oxygen, ammonia and NO respectively. The subscripts ∞ and 𝒔 correspond to the bulk and surface respectively. The solid green 
arrows are the transfer to the surface, while the red arrow is from the surface. The harpoon arrows are for the adsorption 
reactions, and the blue arrows represent surface reactions. 
 
NH3 and O2 chemisorb at the surface. This is shown by the green harpoon arrows in Figure 6.1.1, and as 
reactions 1 and 2 in Figure 6.1.2 which depicts the reaction mechanism in Traversac’s model. The adsorption 
of NH3 is the rate-limiting step for nitrogen species on the surface (Traversac, 2007). The ammonia, once 
attached to the surface, has each of its hydrogen atoms successively stripped from it to leave N(s).  
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The surface nitrogen, can combine with either O(s) to form NO(s) (Reaction 17), another N(s) to form a 
desorbed N2 molecule (Reaction 19), or surface NO to form desorbed N2O (Reaction 20). Only the NO-
forming reaction is shown in Figure 6.1.1 (blue arrows). 
 
Figure 6.1.2 The surface reaction mechanism from Traversac’s kinetic model. Reaction 17 is between N(s) and O(s) to form NO(s). 
Reaction 20 forms N2 from the combination of two N(s). N2O is formed in Reaction 20, where N(S) and NO(S) combine (Traversac, 
2007). 
The N2 and N2O leave the surface and are not involved in any further reactions. As explained above, the NO 
on the surface may combine with molecular nitrogen on the surface to form N2O. Thus NO transport from 
the surface is also included in the model, so that the N2O formation can be included. First the NO desorbs 
from the surface (shown as a red harpoon in Figure 6.1.1), and much like for O2 and NH3 it is transported 
from the surface through the boundary layer to the bulk, shown as the red arrow in Figure 6.1.1.     
The model makes the simplifying assumption that one is only looking at the start of the gauze pack. It does 
not model the progression of the reaction through the gauze pack, in the same way that the temperature 
model of chapter 5 examined the gauze pack. To do so one would have to integrate up the progression of 
the reaction through the gauze pack, this would add a great deal of complexity. However, as was shown in 
the temperature model, ~ 90% of the ammonia was consumed on the first gauze. Therefore as we are 
looking at combustion in the stagnation zone on the front of the gauze, the assumption appears to be 
justified. Thus for the bulk concentrations we have [𝑂2]∞ = [𝑂2]𝑖𝑛 , [𝑁𝐻3]∞ = [𝑁𝐻3]𝑖𝑛 and [𝑁𝑂]∞ = 0. 
This is clearly not entirely accurate, because, as the reaction progresses, the bulk concentration of NO will 
become comparable to [𝑁𝐻3]𝑖𝑛. 
We begin by showing how the mass transfer to and from the surface is incorporated into the model. This is 
followed by the inclusion of surface reactions to develop expressions for the selectivity to N2 and N2O. 
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6.1.2 Mass transfer 
For the model it is important to be able to accurately describe the mass transfer characteristics of the 
system. Variation of the type of gauze, the ballast media and the flow rate will change the rate of mass 
transfer of species to and from the gauze, and it is desirable to incorporate these variables into the model. 
To do so the model uses mass transfer correlations for gauzes, which were introduced in the literature 
review (Section 2.3.1), and were used in the gauze temperature model in the previous chapter (Section 
5.1.1). As discussed in the literature review, both Shah, and Satterfield and Cortez, showed that the model of 
mass transfer based on an infinite wire was more appropriate for describing the mass and heat transfer in a 
gauze pack than a model based on a porous bed (Satterfield & Cortez, 1970; Shah, 1970). However both 
studies proposed different corrections for the mass velocities over the wire. Satterfield and Cortez proposed 
a correction based on the average mass velocity through a single screen: 
 𝑗𝐷,𝜀 = 0.865𝑅𝑒𝑑,𝜀−0.648    for     0.4 < 𝑅𝑒𝑑,𝜀 = 𝐺𝑑𝑤𝜇𝜀 < 9 6.1.1 
While Shah proposed one based on the maximum mass velocity through a screen: 
 𝑗𝐷,𝛾 = 0.644𝑅𝑒𝑑,𝛾−0.570    for    5 < 𝑅𝑒𝑑,𝛾 = 𝐺𝑑𝑤𝜇𝛾 < 245 6.1.2 
Each of the platinum gauzes used in the experiments is very different, so it should be possible to show which 
of the correlations is better for our system. The salient features of Gauze A and Gauze B are shown in Table 
6.1.1. A set of experiments showing the selectivity to N2 and N2O versus the total mass flux for both gauzes 
at constant temperature are shown in Figure 6.1.3. There was no electrical heating for both gauze types, and 
10% ammonia in the feed. This gave an exit gas temperature of 705°C, which is about 20°C lower than the 
expected adiabatic gauze temperature.  
 Kg.d
-1.m-2 mm - - 
 
Gauze 
loading Wire dia. 
Vol. Void 
fraction 
Area void 
fraction 
Type 𝑮𝒎𝒊𝒏 𝑮𝒎𝒂𝒙 𝒅𝒘 𝜺 𝜸 
Gauze A 11,400 36,400 0.075 0.93 0.47 
Gauze B 34,700 69,400 0.060 0.92 0.65 
Table 6.1.1 The salient features of the gauzes, and mass fluxes used in the experiments in Figure 6.1.3. 
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Figure 6.1.3 The Selectivity to N2 and N2O versus gauze loading, for Gauze A and B, at constant temperature, and no electrical 
heating. (705°C, 2 bar, 10% NH3, [O2]:[NH3] = 2, 4 layers of Gauze A, and 8 layers of Gauze B) 
For the same gauze loading each type of gauze gives very different selectivities of ammonia to N2 and N2O. 
At a set gauze loading, Gauze A gives a higher selectivity to N2, and a significantly higher N2O selectivity than 
Gauze B.  
If the mass transfer rates to the surface and the surface reaction rates for each gauze were matched, both 
gauzes should give the same selectivity to N2 and N2O. In the experiments shown, as the surface is at a fixed 
temperature, the surface reaction rates constants should be the same on both gauzes. Additionally the 
ammonia inlet mole fraction, oxygen to ammonia ratio, and pressure were all held constant. The provided 
surface area was approximately the same in both case, with 4 layers of Gauze A (10.4 m2 surface per m2 
burner area), and 8 layers of Gauze B (9.6 m2 surface per m2 burner area). Thus plotting the experiments 
above as a function of mass transfer coefficient, the N2 and N2O selectivity of each gauze should collapse on 
to one line if the correct form of correlation has been used. 
Figure 6.1.4 shows the same experimental data in Figure 6.1.3 above, but plotted against a mass transfer 
coefficient from the correlation based on the volume void fraction (𝜀) given by Satterfield and Cortez, shown 
in equation 6.1.1. Using equation 5.1.29 in the previous chapter, we have the mass transfer coefficient from 
Satterfield and Cortez: 
 𝑘𝑔,𝜀,𝑁𝐻3 = 0.865 �𝐺𝑑𝑤𝜇𝜀 �0.352 1𝑑𝑤 𝑆𝑐13𝔇𝑚,𝑁𝐻3 6.1.3 
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In Figure 6.1.5 a correlation based on the fractional open area (𝛾) given by Shah has been used for the mass 
transfer coefficient, as shown in equation 2.3.6.  
 𝑘𝑔,𝛾,𝑁𝐻3 = 0.644 �𝐺𝑑𝑤𝜇𝛾 �0.430 1𝑑𝑤 𝑆𝑐−13𝔇𝑚,𝑁𝐻3 6.1.4 
The N2 and N2O selectivity profiles fit better for the mass transfer coefficient based on the Shah correlation 
than for the Satterfield and Cortez correlation. In section 5.2.7 the error in the mass transfer coefficient was 
evaluated to be about 20%. For the Satterfield and Cortez correlation the N2 profiles for each gauze lie within 
the bounds of error. However for the N2O selectivity the data points for each gauze do not fit within the 
bounds of error, whereas for the Shah correlation they do. Hence it is the correlation of Shah based on the 
open area that best describes the mass transfer coefficient, and it is the one that will be used in the model. It 
is also why the temperature model used the same correlation. 
As an aside from the development of the model, the plots also show why one type of gauze can be better 
than another. In Figure 6.1.5, the Shah case, less N2 and N2O was formed at lower values of 𝑘𝑔,𝛾,𝑁𝐻3. Thus 
from equation 6.1.4, at constant mass flux, temperature and pressure we can write the mass transfer 
coefficient as: 
  𝑘𝑔,𝛾,𝑁𝐻3�𝐺,𝑇,𝑃 ∝ 𝛾−0.430𝑑𝑤−0.570 6.1.5 
From this equation it is clear that the features of the gauze that would minimise 𝑘𝑔,𝛾,𝑁𝐻3, are a larger wire 
diameter and a larger fractional open area.  
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Figure 6.1.4 The Selectivity to N2 and N2O versus 𝒌𝒈,𝜺,𝑵𝑯𝟑, using a mass transfer correlation based on Satterfield and Cortez 
(equation 6.1.3) for Gauze A and B, at constant temperature, and no electrical heating. (705°C, 2 bar, 10% NH3, [O2]:[NH3] = 2, 4 
layers of Gauze A, and 8 layers of Gauze B) 
   
Figure 6.1.5 The Selectivity to N2 and N2O versus 𝒌𝒈,𝜸,𝑵𝑯𝟑, using a mass transfer correlation based on Shah (equation 6.1.4) for 
Gauze A and B, at constant temperature, and no electrical heating. (705°C, 2 bar, 10% NH3, [O2]:[NH3] = 2, 4 layers of Gauze A, and 
8 layers of Gauze B) 
 
 
165 
 
6.1.3 Selectivity 
The selectivity to N2 and N2O is determined by the respective relative rates of production to the overall rate 
of consumption of ammonia. As the only products are N2, N2O and NO, the experimental selectivity 
(𝑆𝑒𝑙𝑒𝑥𝑝(𝑁2)) of NH3 to N2 is:  
 𝑆𝑒𝑙𝑒𝑥𝑝(𝑁2) = 2 𝑥𝑁2𝑥𝑁𝑂 + 2𝑥𝑟𝑁2 + 2𝑥𝑁2𝑂  6.1.6 
where 𝑥 denotes the mole fraction in the products, and the subscript is the species the rate refers to. As N2 
and N2O are made in much smaller quantities than NO, the N2 to NO product ratio can approximate the 
selectivity. Therefore in the model we define a selectivity (𝑆𝑒𝑙(𝑁2)):  
 𝑆𝑒𝑙(𝑁2) =  2 𝑟𝑁2𝑟𝑁𝑂  6.1.7 
but note that it is really a product ratio. Similarly for N2O the experimental selectivity is:  
 𝑆𝑒𝑙𝑒𝑥𝑝(𝑁2𝑂) = 2 𝑟𝑁2𝑂𝑟𝑁𝑂 + 2𝑟𝑁2 + 2𝑟𝑁2𝑂 6.1.8 
and the N2O selectivity for the model is: 
 𝑆𝑒𝑙(𝑁2𝑂) = 2 𝑟𝑁2𝑂𝑟𝑁𝑂   6.1.9 
We will later, in section 6.2.2, explore cases where the yields of N2 and N2O are high. In those cases, a 
correction must be applied to the product ratio expressions, which is explained in that section. Under 
industrial conditions, the selectivity of N2 and N2O are much smaller than NO, and the error in the product 
ratio’s approximation of the selectivity is within a few percent. 
  
6.1.3.1 Formation of N2 
As was shown in Figure 6.1.2, the product distribution between N2 and NO is determined by the competition 
between the two routes Reaction 19: 
 𝑁(𝑠) + 𝑁(𝑠) → 𝑁2 + 2𝑃𝑡(𝑠)             6.1.10 
And Reaction 17: 
 𝑁(𝑠) + 𝑂(𝑠) → 𝑁𝑂(𝑠) + 𝑃𝑡(𝑠)             6.1.11 
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Hence the ratio of rates of production of N2 and NO can be written as25
 
: 
𝑟𝑁2
𝑟𝑁𝑂
= 𝑘19[𝑁(𝑠)][𝑁(𝑠)]
𝑘17[𝑂(𝑠)][𝑁(𝑠)] = 𝑘19[𝑁(𝑠)]𝑘17[𝑂(𝑠)] 6.1.12 
Conducting a mass balance at the surface, assuming that the major product is NO: 
 𝑟𝑁𝑂 = 𝑘17[𝑂(𝑠)][𝑁(𝑠)] =  𝑘𝑔,𝑁𝐻3([𝑁𝐻3]∞  −  [𝑁𝐻3]𝑠) 6.1.13 
and that the partial pressure of ammonia at the surface is much lower than in the bulk: 
 𝑟𝑁𝑂 ≅ 𝑘𝑔,𝑁𝐻3[𝑁𝐻3]∞ 6.1.14 
By rearrangement we have the surface concentration of nitrogen: 
 [𝑁(𝑠)] =  𝑘𝑔,𝑁𝐻3[𝑁𝐻3]∞
𝑘17[𝑂(𝑠)]  6.1.15 
Hence substituting equation 6.1.15 into equation 6.1.12: 
 𝑆𝑒𝑙(𝑁2) =  2 𝑟𝑁2𝑟𝑁𝑂  = 𝑘19[𝑁(𝑠)]𝑘17[𝑂(𝑠)] = 2 𝑘19𝑘𝑔,𝑁𝐻3[𝑁𝐻3]∞(𝑘17[𝑂(𝑠)])2  6.1.16 
 
6.1.3.2 Formation of N2O  
Traversac and others proposed that N2O is formed via a Langmuir-Hinshelwood mechanism step. It should be 
noted that the Eley-Rideal mechanism step for N2O formation cannot be completely ruled out, however very 
few reactions proceed via this step (Baxter & Hu, 2002) and so it will not be considered here.  For the 
Langmuir-Hinshelwood mechanism step, which we will use here, the surface NO reacts with surface N to 
produce a gas phase N2O molecule. This is shown in Figure 6.1.2: 
 𝑁(𝑠) + 𝑁𝑂(𝑠)  →   𝑁2𝑂 +  2𝑃𝑡(𝑠)             6.1.17 
The rate of N2O formation from reaction 20 is: 
 𝑟𝑁2𝑂 =  𝑘20[𝑁(𝑠)][𝑁𝑂(𝑠)]             6.1.18 
Similarly for N2O, we have the ratio between Reaction 17 making NO, and the N2O forming Reaction 20: 
 𝑁(𝑠) + 𝑁𝑂(𝑠) → 𝑁2𝑂(𝑠) + 𝑃𝑡(𝑠)             6.1.19 
The ratio of rates for N2O versus NO formation is: 
 
𝑟𝑁2𝑂
𝑟𝑁𝑂
= 𝑘20[𝑁𝑂(𝑠)]
𝑘17[𝑂(𝑠)]  6.1.20 
The surface concentration of NO can be written in terms of the equilibrium constant for the reaction:  
                                                          
25 The units used for gas phase concentration are 𝑚𝑜𝑙.𝑚−3, surface phase 𝑚𝑜𝑙.𝑚−2, while the rates are in  
𝑚𝑜𝑙.𝑚−2𝑠−1. All activation energies are in 𝑘𝐽.𝑚𝑜𝑙−1 
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 𝑁𝑂 + 𝑃𝑡(𝑠) 𝐾𝑁𝑂�⎯�   𝑁𝑂(𝑠) 6.1.21 
where 𝐾𝑁𝑂 is the equilibrium constant. Thus the ratio of the rates in terms of the concentration of NO above 
the surface becomes: 
 
𝑟𝑁2𝑂
𝑟𝑁𝑂
= 𝑘20
𝑘17
∙
𝐾𝑁𝑂[𝑁𝑂]𝑠[(_)][𝑂(𝑠)]  6.1.22 
where [(_)] denotes the surface concentration of free sites. Substituting equation 6.1.22 in to 6.1.9 the 
selectivity for N2O for the Langmuir-Hinshelwood mechanism step becomes: 
 𝑆𝑒𝑙(𝑁2𝑂) =  2 𝑟𝑁2𝑂𝑟𝑁𝑂 =   2𝑘20𝑘17 ∙ 𝐾𝑁𝑂[𝑁𝑂]𝑠[(_)][𝑂(𝑠)]  6.1.23 
 
6.1.3.3 NO at the surface 
For the N2O selectivity, the concentration of NO at the surface is required, which can be determined by mass 
balance of the nitrogen species to and from the surface. Assuming that the selectivity to N2 and N2O is much 
lower than to NO, the flux of NO from the surface must be the same as the flux of ammonia to it: 
 𝑘𝑔,𝑁𝐻3[𝑁𝐻3]∞ = 𝑘𝑔,𝑁𝑂([𝑁𝑂]𝑠 − [𝑁𝑂]∞) 6.1.24 
A very crude approximation of the NO concentration in the bulk is that it far less than above the surface. As 
explained above, this simplifies the problem, but it not strictly true. As more ammonia is converted, the bulk 
concentration of NO will increase till it is approximately the same as the inlet ammonia concentration. 
However as was shown for combustion in NO ballast, the selectivity to N2 and N2O was very similar to that 
conducted in steam, with a slight elevation in the N2O selectivity (Clement et al., 1986). In the experiments 
the inlet NO concentration was 4 times that of the exit concentration in steam ballast, yet the N2O selectivity 
only doubled. Hence we make this simplification, but note that the resultant selectivity to N2O will not be as 
well-defined as that of N2.  
Taking  [𝑁𝑂]𝑠 ≫ [𝑁𝑂]∞ we can approximate the NO concentration above the surface as: 
 [𝑁𝑂]𝑠 = 𝑘𝑔,𝑁𝐻3𝑘𝑔,𝑁𝑂 [𝑁𝐻3]∞ 6.1.25 
Substituting this in to the expressions for the selectivity to N2O, we have: 
 𝑆𝑒𝑙(𝑁2𝑂)  =  2 𝑘20𝐾𝑁𝑂𝑘17[𝑂(𝑠)]𝑘𝑔,𝑁𝐻3𝑘𝑔,𝑁𝑂 [𝑁𝐻3]∞ 6.1.26 
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6.1.3.4 Oxygen coverage 
For both selectivity expressions above, the surface concentration of oxygen is required.  The reaction for the 
chemisorption of O2 , reaction 2, is: 
 𝑂2 + 2𝑃𝑡(𝑠)  𝐾𝑂�   2𝑂(𝑠) 6.1.27 
where the equilibrium constant for the reaction (𝐾𝑂) can be written as: 
 
[𝑂(𝑠)]2[𝑂2]𝑠[(_)]2 =  𝐾𝑂 6.1.28 
The surface is approximated to be covered by oxygen and free sites only26
 
: [𝑂(𝑠)] + [(_)]  ≈   𝑆𝑑𝑒𝑛 6.1.29 
where 𝑆𝑑𝑒𝑛 is the site density
27
6.1.28
. Substituting this into the expression for the oxygen equilibrium constant 
(equation ): 
 
[𝑂(𝑠)]2[𝑂2]𝑠{𝑆𝑑𝑒𝑛 − [𝑂(𝑠)]}2 =  𝐾𝑂 6.1.30 
and solving the quadratic equation for [𝑂(𝑠)], we get the surface concentration of oxygen: 
 [𝑂(𝑠)]2  =   𝐾𝑂[𝑂2]𝑠𝑆𝑑𝑒𝑛2
�1 + �𝐾𝑂[𝑂2]𝑠�2 6.1.31 
For every mole of ammonia, 𝜈 moles of oxygen are consumed at the surface. The oxygen that is transferred 
from the bulk to the surface is consumed: 
 𝑘𝑔,𝑂2([𝑂2]∞ − [𝑂2]𝑠) = 𝜈𝑘𝑔,𝑁𝐻3[𝑁𝐻3]∞ 6.1.32 
By rearrangement we get the oxygen concentration at the surface, which will call the excess of oxygen at the 
surface (Θ), and is valid for Θ > 0: 
 [𝑂2]𝑠 = [𝑂2]∞ − 𝜈 𝑘𝑔,𝑁𝐻3𝑘𝑔,𝑂2 [𝑁𝐻3]∞ = Θ 6.1.33 
This is substituted in to the expression for the oxygen coverage from equation 6.1.31, giving the surface 
oxygen coverage in terms of the oxygen and ammonia concentration in the bulk: 
 
[𝑂(𝑠)]2  =  𝐾𝑂 �[𝑂2]∞ − 𝜈 𝑘𝑔,𝑁𝐻3𝑘𝑔,𝑂2 [𝑁𝐻3]∞�𝑆𝑑𝑒𝑛2
�1 + �𝐾𝑂 �[𝑂2]∞ − 𝜈 𝑘𝑔,𝑁𝐻3𝑘𝑔,𝑂2 [𝑁𝐻3]∞��2
 
6.1.34 
                                                          
26 This assumption is made due to the high value of 𝐾𝑂[𝑂2]𝑠, and was also shown by Traversac’s modelling. 
27 Traversac calculated a site density 𝑆𝑑𝑒𝑛 = 2.297 × 10−5 mol. m−2 
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Therefore substituting equation 6.1.34 into 6.1.16, the expression for the N2 selectivity becomes: 
 
𝑆𝑒𝑙(𝑁2) =  2 𝑘19𝑘𝑔,𝑁𝐻3[𝑁𝐻3]∞
𝑘17
2𝑆𝑑𝑒𝑛
2
�1 + �𝐾𝑂 �[𝑂2]∞ − 𝜈 𝑘𝑔,𝑁𝐻3𝑘𝑔,𝑂2 [𝑁𝐻3]∞��2
𝐾𝑂 �[𝑂2]∞ − 𝜈 𝑘𝑔,𝑁𝐻3𝑘𝑔,𝑂2 [𝑁𝐻3]∞�  
6.1.35 
Similarly substituting the surface oxygen concentration into equation 6.1.26, we have the N2O selectivity: 
 
𝑆𝑒𝑙(𝑁2𝑂) =  2 𝑘20[𝑁𝐻3]∞𝑘17 𝑘𝑔,𝑁𝐻3𝑘𝑔,𝑁𝑂 𝐾𝑁𝑂�𝐾𝑂 1
��[𝑂2]∞ − 𝜈 𝑘𝑔,𝑁𝐻3𝑘𝑔,𝑂2 [𝑁𝐻3]∞�
 
6.1.36 
Now we have two selectivity expressions which can be used to look at the experimental data, and examine 
the effect of a range of burner variables.  
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6.2 Master plots 
The selectivity expressions from equations 6.1.35 and 6.1.36 can be rearranged, and presented in the form 
where the selectivity includes the inlet mole fraction and the flow conditions. For N2: 
 𝑆𝑒𝑙(𝑁2)
𝑘𝑔,𝑁𝐻3[𝑁𝐻3]∞ =  2 𝑘19𝑘172𝑆𝑑𝑒𝑛2
�1 + �𝐾𝑂 �[𝑂2]∞ − 𝜈 𝑘𝑔,𝑁𝐻3𝑘𝑔,𝑂2 [𝑁𝐻3]∞��2
𝐾𝑂 �[𝑂2]∞ − 𝜈 𝑘𝑔,𝑁𝐻3𝑘𝑔,𝑂2 [𝑁𝐻3]∞�  
6.2.1 
and for the N2O selectivity: 
 
𝑆𝑒𝑙(𝑁2𝑂)[𝑁𝐻3]∞ 𝑘𝑔,𝑁𝑂𝑘𝑔,𝑁𝐻3 =  2 𝑘20𝑘17 𝐾𝑁𝑂�𝐾𝑂 1
��[𝑂2]∞ − 𝜈 𝑘𝑔,𝑁𝐻3𝑘𝑔,𝑂2 [𝑁𝐻3]∞�
 
6.2.2 
The concentration of oxygen at the surface was given by equation 6.1.33, which we denote by Θ:  
 Θ = [𝑂2]∞ − 𝜈 𝑘𝑔,𝑁𝐻3𝑘𝑔,𝑂2 [𝑁𝐻3]∞ 6.2.3 
Thus the expressions above can be written as functions of oxygen excess at the surface, and the 
temperature28
 
: 
𝑆𝑒𝑙(𝑁2)
𝑘𝑔,𝑁𝐻3[𝑁𝐻3]∞ = 𝑓𝑎(Θ)𝑓𝑏 �1T� 6.2.4 
and: 
 
𝑆𝑒𝑙(𝑁2𝑂)[𝑁𝐻3]∞ 𝑘𝑔,𝑁𝑂𝑘𝑔,𝑁𝐻3 = 𝑔𝑎(Θ)𝑔𝑏 �1T� 6.2.5 
Both incorporate all the parameters for the combustion experiments shown in Chapter 4. From these 
expressions two master plots have been selected to interpret the experimental data. The first master plot 
examines the role of the oxygen excess at the surface, while the second examines the effect of the 
temperature.  
  
                                                          
28The function 𝑓𝑎 is strictly 𝑓𝑎(𝐾𝑂Θ), where 𝐾𝑂is a function of temperature. As we will be examining the oxygen excess 
at constant temperature, we treat 𝐾𝑂as constant also, and 𝑓𝑎is a function of Θ only. 
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6.2.1 Surface oxygen excess 
At constant temperature the surface reaction rate constants will not vary, and 𝑓𝑏 �
1
T
� in equation 6.2.4 will 
be constant. Thus we arrive at the following expression for N2 formation: 
   𝑆𝑒𝑙(𝑁2)
𝑘𝑔,𝑁𝐻3[𝑁𝐻3]∞�𝑇 ∝ 𝑓𝑎(Θ) =  �1 + �𝐾𝑂Θ�2𝐾𝑂Θ  6.2.6 
The same rearrangement of the N2O selectivity yields: 
  
𝑆𝑒𝑙(𝑁2𝑂)𝑘𝑔,𝑁𝑂[𝑁𝐻3]∞𝑘𝑔,𝑁𝐻3 �𝑇 ∝  𝑔𝑎(Θ) =  1√Θ 6.2.7 
Experiments at constant temperature over a wide range of conditions can be plotted together. All the data 
from the experiments at 800°C, which range ±10°C, are shown in Figure 6.2.1 and Figure 6.2.2 for nitrogen 
and nitrous oxide. The oxygen to ammonia ratio, gauze loading, ammonia concentration, and pressure of 
combustion have been varied. It should be noted that the data points for negative oxygen excess are for an 
oxygen deficit at the surface, and are not covered by the model presented above. 
For Figure 6.2.1, all the experiments essentially collapse on to one line, and the model appears to predict the 
effect of a wide range of conditions on the selectivity to N2 as the excess oxygen at the surface is varied.  
There are three experimental data points for N2 at low flow and high pressure, which appear not to fit the 
trend. It has been reported that at low flow and high pressure, ammonia decomposition before the gauze 
can become an issue (Andrews, 1985; Atroshchenko & Kargin, 1949). At a fixed mass flow, an increase in the 
pressure results in an increase in the residence time in the hot zone of the burner inlet. This leads to a 
greater amount of NH3 decomposition before the gauze, and results in a higher N2 selectivity. It is difficult to 
determine the same effect in our experiments, but a similar increase in the N2 selectivity has been seen in 
experiments at low mass fluxes and higher temperatures. In Figures 4.1.1 and 4.1.2, at a temperature of 
800°C, as the mass flux is approximately doubled from 11,600 to 26,600 kg.d-1.m-2, the N2 selectivity is halved 
from 4 to 2 %, while there is no apparent change in the N2O.  In Figures 4.1.4 and 4.1.5, the increase in 
pressure from 2 to 3 bara at the lower flow rate of 34,700 kg.d-1.m-2 increases the N2 selectivity from 2.5 to 
4%, with no associated increase in N2O selectivity.  
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Figure 6.2.1 𝑺𝒆𝒍(𝑵𝟐)
𝒌𝒈,𝑵𝑯𝟑[𝑵𝑯𝟑]∞ versus 𝚯 at 800°C. The experimental data for oxygen to ammonia ratio, ammonia mole fraction (8-12 vol. 
%), gauze loading (10,000  – 96,500 kg/d/m2) and pressure (1 -3 bara). The three deviating points are discussed above. 
 
 
Figure 6.2.2 
𝑺𝒆𝒍(𝑵𝟐𝑶)𝒌𝒈,𝑵𝑶
𝒌𝒈,𝑵𝑯𝟑[𝑵𝑯𝟑]∞  versus 𝚯 at 800°C. The experimental data for oxygen to ammonia ratio, ammonia mole fraction (8-12 vol. 
%), gauze loading (10,000  – 96,500 kg/d/m2) and pressure (1 -3 bara). 
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In Figure 6.2.2, the N2O data do not completely collapse on to one line as for N2, but the plot shows a 
definite trend to the data. The trend in the N2O data is more sensitive to gauze loading than that of N2. The 
two distinctly different trends in Figure 6.2.2 for the [O2]:[NH3] data converge at high surface oxygen excess. 
The upper trend line is at 96,500 kg.d-1.m-2, while the lower one is at 43,500 kg.d-1.m-2. It is possible that this 
sensitivity to loading can be attributed to the assumption that as 90% of the ammonia is consumed on the 
first gauze, the combustion occurs in the stagnation zone only. This step allowed us to assume a negligible 
bulk NO concentration, however as the loading is increased, less ammonia is consumed on the first gauze. 
Thus, the assumption that the combustion occurs in the stagnation zone only becomes increasingly less true. 
As the bulk NO increases the NO concentration above the surface increases also, and the secondary reaction 
producing N2O may become more important. 
For Figure 6.2.1, as Θ is increased, the N2 selectivity function appears to converge to a constant value which 
is predicted by equation 6.2.6. In the equation as Θ is increased, 𝑓𝑎(Θ)  → 1. The constant value that the plot 
converges to should be: 
Figure 6.2.3 shows the equilibrium constants for oxygen and nitric oxide adsorption, calculated using 
thermodynamic data from Traversac’s model. In the temperature range of interest, the magnitude of 𝐾𝑂 is 
large, and is of the order 1018. Thus �𝐾𝑂Θ ≫ 1 even at very small values of Θ, and from equation 6.2.6 the 
plot should reach a plateau above values of Θ that are very close to zero. In Figure 6.2.4, the data from 
Figure 6.2.1 is replotted in the oxygen excess region only (Θ > 0). Indeed the data converge to a constant 
value, which is consistent with the apparent lack of dependence of the N2 selectivity function on the oxygen 
excess. As will be shown in section 6.2.2, the scatter in the points can be accounted for in the range of 
temperatures for the experiments. A change of 10°C equates to ~ 20% variation in the value of the 
selectivity function. 
 
 
𝑆𝑒𝑙(𝑁2)
𝑘𝑔,𝑁𝐻3[𝑁𝐻3]∞ ≅  2 𝑘19𝑘172𝑆𝑑𝑒𝑛2 6.2.8 
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Figure 6.2.3 The equilibrium constants for O2 and NO adsorption, as calculated from the thermodynamic data from Traversac 
(Traversac, 2007). For oxygen adsorption ∆𝑮𝟎,𝑶 = -362 kJ.mol-1.K-1, for NO adsorption ∆𝑮𝟎,𝑵𝑶 = -78 kJ.mol-1.K-1. 
In the N2O expression in equation 6.2.7, as Θ increases, function 𝑔𝑎(Θ) → 0. In Figure 6.2.2 it is difficult to 
tell if this is the case. The data has been replotted in Figure 6.2.5, which shows the N2O selectivity function 
against Θ−0.5, over the range 0.7 < Θ < 4 mol.m-3. The data trends are moderately well described by a line 
going through the origin, with the majority of the data fitting within the 20% error bars used to account for 
temperature variation. Adherence of the data to the line is consistent with the N2O selectivity function’s 
dependence on Θ−0.5. 
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Figure 6.2.4 𝑺𝒆𝒍(𝑵𝟐)
𝒌𝒈,𝑵𝑯𝟑[𝑵𝑯𝟑]∞ versus 𝚯, at 800°C. The experimental data for oxygen to ammonia ratio, ammonia mole fraction (8-12 vol. 
%), gauze loading (10,000  – 96,500  kg/d/m2) and pressure (1 -3 bara). The average value for across the range is shown as the thin 
line, along with the ±20% error bars shown as dashed lines. 
  
Figure 6.2.5 
𝑺𝒆𝒍(𝑵𝟐𝑶)𝒌𝒈,𝑵𝑶
𝒌𝒈,𝑵𝑯𝟑[𝑵𝑯𝟑]∞  versus 𝚯−𝟎.𝟓, at 800°C. The experimental data for oxygen to ammonia ratio, ammonia mole fraction (8-12 
vol. %), gauze loading (10,000  – 96,500  kg/d/m2) and pressure (1 -3 bara), for the range 0.7 < 𝚯 < 4 mol.m-3. The best fit to all 
the data is shown as a thin line, along with the ±20% error bars shown as dashed lines. 
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6.2.1.1 Pressure 
From the raw experimental data, it is not entirely clear what the pressure dependence of N2 and N2O 
selectivity is. Previous authors have stated that an increase in pressure results in a decreased NO selectivity, 
and is due to the shift in equilibrium of the reactions (Hatscher et al., 2008; Honti, 1976; Thiemann et al., 
2000). Examining the model’s dependence on pressure, we begin with the selectivity to N2 from equation 
6.2.6: 
  𝑆𝑒𝑙(𝑁2)|𝑇 ≅  2 𝑘19𝑘𝑔,𝑁𝐻3[𝑁𝐻3]∞
𝑘17
2𝑆𝑑𝑒𝑛
2  6.2.9 
At constant temperature, and noting from equation 6.1.4 𝑘𝑔,𝑁𝐻3 ∝ 𝔇𝑚,𝑁𝐻3: 
  𝑆𝑒𝑙(𝑁2)|𝑇 ∝ 𝔇𝑚,𝑁𝐻3𝑥𝑁𝐻3,∞𝑃 6.2.10 
As the diffusivity is proportional to the inverse of pressure, the pressure terms cancel, and there is no effect 
of the pressure on the N2 selectivity. In Figure 6.2.1 the pressure appears indeed to have no effect on the N2 
selectivity.  
For the selectivity to N2O, from equation 6.2.2: 
 𝑆𝑒𝑙(𝑁2𝑂) = 2 𝑘20𝑘17 𝐾𝑁𝑂�𝐾𝑂 𝑘𝑔,𝑁𝐻3𝑘𝑔,𝑁𝑂 [𝑁𝐻3]∞√Θ  6.2.11 
Thus at constant temperature, and noting that both the pressure terms in the mass transfer coefficients will 
cancel, and that  Θ ∝ 𝑃: 
 
 𝑆𝑒𝑙(𝑁2𝑂)|𝑇 ∝ 𝑘𝑔,𝑁𝐻3𝑘𝑔,𝑁𝑂 𝑥𝑁𝐻3,∞𝑃√𝑃 ∝ √𝑃 6.2.12 
Thus there should be a pressure effect on the N2O selectivity. However from Figure 6.2.5 it is not possible to 
determine this dependence. For different pressures at constant Θ, the N2O selectivity function variation is 
within the bounds of variation due to temperature.  
In the literature, reduced NO selectivity has (continually) been attributed to the thermodynamics. Le 
Chatelier's principle is used to argue that an increase in pressure shifts the equilibrium of the NO formation 
reaction (equation 6.2.8) to the side of the products, thus reducing the yield of NO. This has been debunked 
in passing before (Miles, 1961), but due to the number of researchers that continue to believe it (Hatscher et 
al., 2008; Honti, 1976; Thiemann et al., 2000), it seems necessary to dismiss this more formally. Figure 6.2.6 
shows the Gibbs energy and equilibrium constants versus temperature for the NO, N2 and N2O reactions, as 
calculated using the NASA polynomials of Burcat and Ruscic (Burcat & Ruscic, 2005). Also shown as hollow 
points is the equilibrium data from Harrison and Kobe (Harrison & Kobe, 1953). The data of Harrison and 
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Kobe is not as accurate as the data calculated from the NASA polynomials, but it illustrates that even in 1953, 
the trends in the equilibrium constants were known.   
  
Figure 6.2.6 The Gibbs free energy of reaction and equilibrium constant for NH3 producing; NO, N2 and N2O, calculated using 
Burcat NASA polynomials. The hollow points for the equilibrium constant are taken from (Harrison & Kobe, 1953) 
The following three equations are for the equilibrium of the product forming reactions29
 
:  
4𝑁𝐻3 + 5𝑂2 ⇌ 4𝑁𝑂 + 6𝐻2𝑂           𝐾𝑁𝑂′ = [𝑁𝑂]4[𝐻2𝑂]6[𝑂2]5[𝑁𝐻3]4            �𝑚𝑜𝑙𝑚3 � 6.2.13 
 4𝑁𝐻3 + 4𝑂2 ⇌ 2𝑁2𝑂 + 6𝐻2𝑂       𝐾𝑁2𝑂 = [𝑁2𝑂]2[𝐻2𝑂]6[𝑂2]4[𝑁𝐻3]4           (−) 6.2.14 
 4𝑁𝐻3 + 3𝑂2 ⇌ 2𝑁2 + 6𝐻2𝑂          𝐾𝑁2 = [𝑁2]2[𝐻2𝑂]6[𝑂2]3[𝑁𝐻3]4              �𝑚𝑜𝑙𝑚3 � 6.2.15 
The Gibbs energy is large and negative for all the reactions, therefore the equilibrium of the forward and 
reverse reactions is heavily in favour of the products. With the reaction equilibrium so far to the products, 
changing the pressure will have no noticeable effect on the concentration of the reactants as is claimed. 
Thus the increase in pressure does not
 
 cause a change in the NO selectivity because of a Le Chatelier's 
principle! Rather as the model showed, any change in the NO selectivity is much more likely to be due to the 
increased secondary reaction forming N2O. 
                                                          
29 It should be noted that 𝐾𝑁𝑂′  is different from  𝐾𝑁𝑂 given in equation 6.1.21 on Page 166 for the adsorption of NO on 
the surface. 
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6.2.1.2 Comparison with and replotting of data from the literature 
The experimental data can also be compared to previous data in the literature using the same master plot. 
Figure 6.2.7 shows results of experiments from Zasorin in which the oxygen-to-ammonia ratio was varied, 
together with the data obtained in the present work (Zasorin et al., 1968). Reassessed in this way, there is 
excellent agreement between the two data sources, and Zasorin’s data converges to a similar constant value 
as for Θ > 0. The scatter in the data is within the bounds of error set by the variation in temperature, as was 
shown in Figure 6.2.4. 
Viewed from the traditional perspective, Zasorin’s experiments are very different from those in the present 
work. The ammonia mole fraction was nearly double that used here (18%), while the pressure and loadings 
were half those used in this thesis (1 bara, 16,700 and 33,530 kg.d-1.m-2) (Zasorin et al., 1968). Only the 
temperature was similar (820°C versus 800°C here). However it is the product 𝑘𝑔,𝑁𝐻3[𝑁𝐻3]∞ that 
determines the effect of the flow conditions on the selectivity to N2 at constant temperature. For Zasorin it is 
between 2.1 and 2.8, and in the same range as investigated here, 1.8 and 2.6. It also explains why the data is 
so similar on a [O2]:[NH3] plot, despite the apparent differences between the two conditions. 
 
Figure 6.2.7 𝑺𝒆𝒍(𝑵𝟐)
𝒌𝒈,𝑵𝑯𝟑[𝑵𝑯𝟑]∞ versus 𝚯. All experimental data from Figure 6.2.4 shown alongside with data from Zasorin et al. (Zasorin 
et al., 1968). Temperatures between 800 to 820°C, pressures 1 to 3 bara, ammonia mole fraction 8 to 18 vol.%, [O2]:[NH3] 1.25 to 
3, and gauze loadings from 16,700 to 33,530 kg.d-1.m-2. Data shown in Appendix A.4. 
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6.2.2 Temperature 
The experiments shown above have been for fixed temperatures, ensuring that the ratio of rates of the 
surface reaction have remained constant. However as the temperature is varied, the ratio of rate constants 
will change.  Thus for an oxygen excess we can write the selectivity to N2 as: 
  
𝑆𝑒𝑙(𝑁2)
𝑘𝑔,𝑁𝐻3[𝑁𝐻3]∞�Θ>0 = 𝑓𝑏 �1𝑇� ≅  2 𝑘19𝑘172𝑆𝑑𝑒𝑛2 6.2.16 
Taking  Θ ≅ 1 for the N2O selectivity function: 
  
𝑆𝑒𝑙(𝑁2𝑂)𝑘𝑔,𝑁𝑂
𝑘𝑔,𝑁𝐻3[𝑁𝐻3]∞ �Θ≅1 = 𝑔𝑏 �1𝑇� ≅ 2 𝑘20𝑘17 𝐾𝑁𝑂�𝐾𝑂 6.2.17 
Figure 6.2.8 shows the Arrhenius plot for N2, and Figure 6.2.9 shows the Arrhenius plot for N2O, for 
experiments conducted without electrical heating.  
In the experiments at low temperatures the assumption made previously that 𝑆𝑒𝑙(𝑁2) ≪ 𝑆𝑒𝑙(𝑁𝑂) becomes 
increasingly less true. At 500°C the selectivity to N2 is 40% and is comparable to the NO selectivity. Thus we 
need to apply a correction to the experimentally determined selectivity (𝑆𝑒𝑙𝑒𝑥𝑝), for the product ratio that 
we have called the selectivity (𝑆𝑒𝑙), which is used in the plots. In the model, from equation 6.1.7, the 
selectivity in the model was taken as the ratio of rates of N2 and NO formation: 
  𝑆𝑒𝑙(𝑁2) = 2 𝑟𝑁2𝑟𝑁𝑂 6.2.18 
However experimentally, assuming full conversion, the selectivity was defined in equation 6.1.6 as:  
 𝑆𝑒𝑙𝑒𝑥𝑝(𝑁2) = 2 𝑥𝑁2𝑥𝑁𝑂 + 2𝑥𝑁2 + 2𝑥𝑁2𝑂  6.2.19 
In the cases where the loss forming reactions are small, 𝑆𝑒𝑙(𝑁2) ≅ 𝑆𝑒𝑙𝑒𝑥𝑝(𝑁2). As the loss forming reactions 
increase, 𝑆𝑒𝑙(𝑁𝑂) = 1 − 𝑆𝑒𝑙(𝑁2) − 𝑆𝑒𝑙(𝑁2𝑂) ≠ 1. Thus to determine 𝑆𝑒𝑙(𝑁2), from the experimental 
selectivity value:  
 𝑆𝑒𝑙(𝑁2) = 𝑆𝑒𝑙𝑒𝑥𝑝(𝑁2)1 − 𝑆𝑒𝑙𝑒𝑥𝑝(𝑁2)− 𝑆𝑒𝑙𝑒𝑥𝑝(𝑁2𝑂) 6.2.20 
Using the same analysis for the N2O: 
 𝑆𝑒𝑙(𝑁2𝑂) = 𝑆𝑒𝑙𝑒𝑥𝑝(𝑁2𝑂)1 − 𝑆𝑒𝑙𝑒𝑥𝑝(𝑁2)− 𝑆𝑒𝑙𝑒𝑥𝑝(𝑁2𝑂) 6.2.21 
The compensation is applied to both selectivities across the entire data range. The experimental data that is 
shown in Figure 6.2.8 and Figure 6.2.9 are all at Θ ≅ 1 mol.m-3. For the N2 Figure 6.2.4 shows that it does not 
matter what Θ is, provided it is greater than zero. However as Figure 6.2.5 shows, for the N2O it must be held 
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constant. We operated the burner at a [O2]:[NH3]  = 2, and at 2 bara, which gave good NOx absorption. This 
corresponded to a value of Θ = 1 mol.m-3. 
 
Figure 6.2.8 An Arrhenius plot of 𝑺𝒆𝒍(𝑵𝟐)
𝒌𝒈,𝑵𝑯𝟑[𝑵𝑯𝟑]∞. Experimental data from this thesis at 𝚯 ≅ 𝟏 mol.m-3. 
 
Figure 6.2.9 An Arrhenius plot of 
𝑺𝒆𝒍(𝑵𝟐𝑶)𝒌𝒈,𝑵𝑶
𝒌𝒈,𝑵𝑯𝟑[𝑵𝑯𝟑]∞ . Experimental data from this thesis at 𝚯 ≅ 𝟏 mol.m-3. 
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6.2.2.1 Gauze loading and temperature 
There is no definitive source in the literature that shows the effect of loading and temperature on the 
selectivity. However from Figure 6.2.8 and Figure 6.2.9 there are clear relationships between the selectivity 
functions, which contain the flow and selectivity terms, and the temperature.  From equation 6.2.16, the 
selectivity to N2 is: 
 𝑆𝑒𝑙(𝑁2) =  𝑘𝑔,𝑁𝐻3[𝑁𝐻3]∞𝑓𝑏 �1𝑇� 6.2.22 
where Figure 6.2.8 shows that 𝑓𝑏 decreases with increasing temperature. Substituting the expression for the 
mass transfer coefficient from equation 6.1.4, at constant ammonia inlet concentration, the dependency of 
the N2 selectivity on mass flux and the temperature is: 
 𝑆𝑒𝑙(𝑁2) ∝  𝐺0.430𝑓𝑏 �1𝑇� 6.2.23 
Thus at a given temperature, increasing the mass flux will act to increase the N2 selectivity. Alternatively at a 
set mass flux, an increase in the temperature will reduce the N2 selectivity. 
Equation 6.2.17 gives the selectivity to N2O, and at Θ = 1: 
 𝑆𝑒𝑙(𝑁2𝑂) = 𝑘𝑔,𝑁𝐻3𝑘𝑔,𝑁𝑂 [𝑁𝐻3]∞𝑔𝑏 �1𝑇� 6.2.24 
where Figure 6.2.9 shows that 𝑔𝑏 decreases with increasing temperature. At constant mass flux, an increase 
in the temperature reduces the N2O selectivity. In equation 6.2.24 the mass flux terms cancel, and hence 
unlike for N2, the selectivity is not a function of mass flux. However, as noted previously there in fact appears 
to be a dependence of the N2O selectivity on the mass flux, which has very little effect on the selectivity 
function at higher Θ. We are unable to use the model to draw any firm conclusions as to the effect of loading 
on N2O selectivity, and suggest that further improvements to the modelling - the inclusion of a non-zero bulk 
NO concentration - may elucidate the effect. 
 
6.2.2.2 Comparison with and replotting of data from the literature 
There are large numbers of experiments in the literature that can be compared to the experiments carried 
out here. However using a conventional approach it would be hard to unify results covering such a large 
range of conditions, and compare them on a single plot. In the reported experiments, pressures have been 
varied from 1 to 30 bara, temperatures from 800 to 1000°C, inlet mole fractions from 8 to 18%, and mass 
fluxes from 10,000 to 5,000,000 kg.d-1.m-2. The types of gauzes used have been varied also, with wire 
diameters between 0.06 and 0.09 mm. Figure 6.2.10 shows the data for N2, for 5 other studies (Apel'baum & 
Temkin, 1948; Atroshchenko et al., 1971; Gough & Wibberley, 1986; Horner, 1991; Zasorin et al., 1968), and 
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Figure 6.2.11 shows the data for N2O, for which there is only one other study (Heck, Bonacci, Hatfield, & 
Hslung, 1982). Both figures also show the experimental data from this study for Θ > 1 mol.m-3, and the 
selectivities for N2 and N2O have been corrected according to equations 6.2.20 and 6.2.21. 
For both N2 and N2O, there is a very clear trend in all the experimental data, and good agreement between 
the experimental data from this thesis and the published data. Overall, the Figures suggest that the model 
describes the effects occurring in ammonia combustion over a very wide range of conditions. 
There is also no apparent effect of pressure on the selectivity. In the case of the experiments of 
Atroshchenko et al., a 20 fold increase in the pressure has no impact on the selectivity to NO (i.e the N2 and 
N2O combined). Even at very high pressures – 21 atmospheres is approximately double the pressure of a 
high pressure plant – a NO selectivity of 97% was achieved (Atroshchenko et al., 1971). This is the same high 
selectivity typically seen for combustion at atmospheric pressure.  
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Figure 6.2.10 An Arrhenius plot for  𝑺𝒆𝒍(𝑵𝟐)
𝒌𝒈,𝑵𝑯𝟑[𝑵𝑯𝟑]∞ over the temperature range 500 to 1000°C, comparing experimental data from this 
thesis to literature data 𝚯 ~ 𝟏 mol.m-3. Literature data is shown in Appendix A.4; pressures range from 1 to 30 bara, ammonia 
mole fractions from 10 to 18 % NH3, and gauze loadings from 10,000 to 50,000,000 kg.d
-1.m-2, all at large oxygen excess.  The line 
of Ea = -84 kJ.mol
-1 is the best fit to the experimental data in this thesis.  
 
Figure 6.2.11 An Arrhenius plot for  
𝑺𝒆𝒍(𝑵𝟐𝑶)𝒌𝒈,𝑵𝑶
𝒌𝒈,𝑵𝑯𝟑[𝑵𝑯𝟑]∞  over the temperature range 500 to 930°C, comparing experimental data from this 
thesis to literature data. Literature data is shown in Appendix A.4, is at a pressure of 8 bara and 10 vol% NH3, and gauze loading of 
91,200 kg.d-1.m-2. For both data sets 𝚯 ~ 𝟏 mol.m-3.  The line of Ea = -93 kJ.mol-1 is the best fit to the experimental data in this 
thesis.  
184 
 
6.2.3 Comparison of the apparent activation energy to the literature 
For the Arrhenius plots shown for N2 and N2O above, one is able to extract apparent activation energies. For 
the formation of N2, from equation 6.2.16: 
 𝐸𝑎𝑝𝑝,𝑁2 = 𝐸𝑎,19 − 2𝐸𝑎,17 = −84𝑘𝐽.𝑚𝑜𝑙−1 6.2.25 
and for N2O, from equation 6.2.17: 
 𝐸𝑎𝑝𝑝,𝑁2𝑂 =  𝐸𝑎,20 − 𝐸𝑎,17 + ∆𝐺0,𝑁𝑂 − 0.5∆𝐺0,𝑂 = −93𝑘𝐽.𝑚𝑜𝑙−1 6.2.26 
where ∆𝐺0,𝑁𝑂 and ∆𝐺0,𝑂 are the Gibbs free energies for NO and O2 adsorption respectively. For Pt(111), 
Traversac calculated the oxygen adsorption Gibbs free energy to be -362 kJ.mol-1.K-1, and for NO adsorption  
-78 kJ.mol-1.K-1. For the other studies and surfaces, we will take these Gibbs energy values to calculate 
𝐸𝑎𝑝𝑝,𝑁2𝑂. However it is important to note that for different surfaces the values may well be very different. 
The N2 and N2O apparent activation energies can directly be compared to literature data. There are a 
number of studies that have examined activation energies on platinum for the three product forming 
reactions, and they are reviewed in the next section. 
Zeng and Imbihl showed that ammonia oxidation on platinum shows strong structure-reactivity dependence 
(Zeng & Imbihil, 2009), and so the review of activation energies is separated in to three sections according to 
crystal structure. However it should be noted that the thermodynamic stability of the different crystal 
structures is temperature dependent, with Pt(111) with the lowest free energy (Blakely & Somorjaia, 1977). 
At the high temperatures seen in ammonia combustion, the only stable low Miller index is Pt(111), and is the 
form considered in the kinetic models of Traversac and Rebrov et al. (Rebrov et al., 2002; Traversac, 2007). 
The crystal structures Pt(100) and Pt(110) are not considered stable (Blakely & Somorjaia, 1977). 
Initially the gauze will be polycrystalline, but under operation the high temperatures will allow the platinum 
to restructure. In practice the gauze will not restructure to a single crystal of Pt(111), but rather end up as a 
stepped surface, with angled facets of Pt(111). Thus Scheibe et al. and Rafti et al. examined stepped Pt(111) 
surfaces for their kinetic model (Rafti, Vincente, Albesa, Scheibe, & Imbihil, 2012; Scheibe, Hinz, & Imbihil, 
2005). Similarly Kraehnert and Baerns developed a kinetic model for oxidation over a platinum foil, which 
can be considered to be polycrystalline (Kraehnert, 2005). As is shown below, the various studies appear to 
use the different crystal structures interchangeably, despite clear evidence that the each structure has very 
different activation energies.  
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6.2.3.1 Pt(111)  
The Pt(111) face was that chosen by Traversac and Rebrov for their microkinetic models (Rebrov et al., 2002; 
Traversac, 2007). Traversac uses the same activation energies as Rebrov, who himself used values from other 
studies. The activation energy for NO formation was taken from an experimental study by Asscher et al. 
(Asscher et al., 1984). In this study, two possible reactions were proposed, a “fast reaction”: 
 𝑁𝐻(𝑠) + 𝑂(𝑠) = 𝑁𝑂(𝑠) + 𝐻(𝑠) 6.2.27 
with an activation energy of 121 kJ.mol-1, and a “slow reaction” (reaction 19 in Traversac’s model) with 
activation energy of 59 kJ.mol-1: 
 𝑁(𝑠) + 𝑂(𝑠) = 𝑁𝑂(𝑠) 6.2.28 
Somewhat confusingly, Rebrov omitted the “fast reaction” from his model but employed the activation 
energy of that channel for the “slow reaction” that was retained in the model. The activation energy chosen 
in Rebrov’s model for the N2 and N2O forming reactions is taken from Sadhankar and Lynch, who studied NO 
reduction by CO over platinum supported on alumina. In their experiments they considered the platinum to 
be polycrystalline, not Pt(111) as both Rebrov and Traversac had assumed (Sadhankar & Lynch, 1997). The 
experimentally determined activations were 79 and 93 kJ.mol-1 for the N2 and N2O formation steps, 
respectively.  
Offermans calculated activation energies for the N2 and NO(s) formation reactions using Density Functional 
Theory (DFT) (Offermans et al., 2006). The activation for reaction 17 was 214 kJ.mol-1 and for reaction 19, 
237 kJ.mol-1. Offermans values are closer to the values predicted by Wang et al. than the other studies. 
Wang et al. calculated activation energies of 203 kJ.mol-1 for reaction 17 and 241 kJ.mol-1 for reaction 19 
(Wang et al., 2011).  These values are also considerably higher than the values used in both the mechanistic 
models. 
Burch conducted a DFT study of N2O formation on Pt(111) and gave an activation energy of 172 kJ.mol-1 
(Burch, Daniells, & Hu, 2002). This is much higher than the activation energy determined by Sadhankar and 
Lynch, which is used in the two mechanistic models. 
The published activation energy data for Pt(111) are shown in Table 6.2.1, along with the apparent activation 
energies for N2 selectivity. There is seemingly no agreement between the activation energies used in the 
models and the DFT studies for either NO, N2 and N2O formation. The apparent activation energies for 
selectivity to N2 are all far from the experimentally determined value, 𝐸𝑎𝑝𝑝,𝑁2 = -84 kJ.mol-1 (equation 
6.2.25). 
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 kJ.mol-1 kJ.mol-1 
Study 𝑬𝒂,𝟏𝟕 𝑬𝒂,𝟏𝟗 𝑬𝒂,𝟐𝟎 𝑬𝒂𝒑𝒑,𝑵𝟐 𝑬𝒂𝒑𝒑,𝑵𝟐𝑶 
Traversac (2008) 121 79 93 -163 75 
Rebrov (2002) 121 79 93 -163 75 
Asscher (1984) 59 - - - - 
Sadhankar (1997) - 79 93 - - 
Burch (2002) - - 172 - - 
Offermans (2006) 214 237 - -191 - 
Wang (2011) 203 241 - -163 - 
Table 6.2.1 The activation energies reported in the literature for Pt(111). The top two rows of data show the data used in the 
models of Traversac and Rebrov. The column second from the right shows the apparent activation energy for N2 formation, from 
equation 6.2.25. The column on the right shows the apparent activation energy for N2O formation, using ∆𝑮𝟎,𝑶 = -362 kJ.mol-1.K-1, 
for NO adsorption ∆𝑮𝟎,𝑵𝑶 = -78 kJ.mol-1.K-1 (Traversac, 2007) 
 
6.2.3.2 Pt(100)  
Four studies have examined the reactions on Pt(100), two experimentally (Fink, Dath, Bassett, Imbihil, & Ertl, 
1991; Makeev & Nieuwenhuys, 1998) and two using DFT (Novell-Leruth et al., 2005; Pérez-Ramírez, 
Kondratenko, Novell-Leruth, & Josep, 2009). The study of Makeev and Nieuwenhuys developed a mechanism 
to model the reaction of NO with hydrogen over Pt(100). They experimentally determined an activation 
energy of 96 kJ.mol-1 for the NO formation step. The N2 formation step in their mechanism was given an 
activation energy of 100 kJ.mol-1, estimated from the study of Schwaha and Bechtold who reported 104 ± 13 
kJ.mol-1 (Schwaha & Bechtold, 1977). Here it should be noted that Schwaha and Bechtold actually carried out 
their experiments on a stepped platinum surface 9(111) x (111), which is very different from the Pt(100) 
surface used experimentally by Makeev and Nieuwenhuys.  
Fink et al. also developed a mechanism which involved both steps, but for the NO + CO reaction on Pt(100) 
(Fink et al., 1991). An activation energy is not given for NO formation, but for N2 formation it is given as 84 
kJ.mol-1 which they estimated from Schwaha and Bechtold’s data, but is outside of the 13 kJ.mol-1 bound of 
error given for Schwaha’s work.   
Novell-Leruth et al. and Perez-Ramirez et al. carried out DFT calculations for the whole NH3 mechanism on 
Pt(100).  The activation energies were much lower than those calculated for Pt(111) and also for the 
experimentally study of Makeev and Nieuwenhuys which are shown in Table 6.2.2. There is little agreement 
between all the values, and apart from 𝐸𝑎𝑝𝑝,𝑁2from Makeev and Nieuwenhuys, very little agreement with 
the apparent activation energy from equation 6.2.25. 
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 kJ.mol-1 kJ.mol-1 
Study 𝑬𝒂,𝟏𝟕 𝑬𝒂,𝟏𝟗 𝑬𝒂,𝟐𝟎 𝑬𝒂𝒑𝒑,𝑵𝟐 𝑬𝒂𝒑𝒑,𝑵𝟐𝑶 
Fink (1991) - 84 - - - 
Makeev (1998) 96 100 - -92 - 
Novell-Leruth (2005) 11 32 10 10 102 
Perez-Ramirez (2009) 9 8 66 -10 160 
Table 6.2.2 The activation energies reported in the literature for Pt(100). The column second from the right shows the apparent 
activation energy for N2 formation, from equation 6.2.25. The column furthest to the right shows the apparent activation energy 
for N2O formation, using ∆𝑮𝟎,𝑶 = -362 kJ.mol-1.K-1, for NO adsorption ∆𝑮𝟎,𝑵𝑶 = -78 kJ.mol-1.K-1 (Traversac, 2007) 
 
6.2.3.3 Pt(110) 
A DFT study by Wang et al. gave the NO formation activation energy at 94 kJ.mol-1, and a N2 formation 
energy of 73 kJ.mol-1 (Wang et al., 2011). These are closer to the values of the Pt(100) face than the Pt(111) 
face. The resultant 𝐸𝑎𝑝𝑝,𝑁2is -114 kJ.mol-1, and is closer to that seen experimentally than for the Pt(111) face. 
 
6.2.3.4 Stepped surfaces and Pt foil 
There are two models for ammonia oxidation over stepped platinum surfaces (Rafti et al., 2012; Scheibe et 
al., 2005), both of which examine the Pt(533) surface. There is only one model for combustion on a platinum 
foil (Kraehnert, 2005). The references for each of the two model’s activation energy for the N2 are different, 
but they ultimately come from the same source. The reference for N2 formation comes from Schwaha and 
Bechtold, who experimentally studied N2 formation on a stepped platinum crystal, and gave an activation 
energy of 105 kJ.mol-1 (Schwaha & Bechtold, 1977). This is close to the value taken by Rafti et al. of 100 
kJ.mol-1, but significantly different from the value used by Scheibe et al. of 85 kJ.mol-1. Scheibe et al. 
reference Schwaha and Bechtold, but the value they use is actually that of Fink et al. As previously 
mentioned Fink et al. use a modified value of Schwaha et al.     
The data for NO formation in Scheibe et al. and Rafti et al. come from two different sources. The Scheibe 
model uses the activation energy from Markeev which was for Pt(100) (Makeev & Nieuwenhuys, 1998). On 
the other hand, Rafti et al. base their NO formation activation energy on the value for dissociation of NO 
(119 kJ.mol-1), taken from Lombardo et al., and conduct a data fit (Lombardo et al., 1992). Lombardo et al. 
themselves used a value from Fink et al. (Fink et al., 1991).  
Kraehnert et al. presented a model which gave NO, N2, and N2O activation energies from a parameter fit to 
experimental results. The NO and N2 formation activation energies are higher than those used in the Scheibe 
and Rafti models. The activation energy determined by Kraehnert et al. was used in the Rafti model, and is 
similar to the DFT study by Burch et al, for Pt(111) (Burch, Daniells, et al., 2002). 
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The only DFT study was carried out by Wang et al. on Pt(211), Pt(311) and Pt(532) (Wang et al., 2011). Values 
are only given for N2 and NO formation, and are very similar to those given by Kraehnert et al., and 
Schawaha et al.  
Table 6.2.3 shows the activation energy data for experimental and computed studies, along with the 
apparent activation energies for N2. There is a large difference between Kraehnert et al. and Wang et al., and 
the value calculated from equation 6.2.25. The Scheibe et al. and Rafti et al. models give 𝐸𝑎𝑝𝑝,𝑁2  values that 
are close to those determined experimentally here. 
 kJ.mol-1 kJ.mol-1  
Study 𝑬𝒂,𝟏𝟕 𝑬𝒂,𝟏𝟗 𝑬𝒂,𝟐𝟎 𝑬𝒂𝒑𝒑,𝑵𝟐 𝑬𝒂𝒑𝒑,𝑵𝟐𝑶 Pt surface 
Scheibe (2005) 88 85 - -91 - Pt(533) 
Rafti (2012) 85 100 155 -70 173 Pt(533) 
Kraehnert (2008) 139 135 155 -143 119 Foil 
Schwaha (1977) - 105 - - - Pt 9(111)x(111) 
Wang (2011) 135 106 - -164 - Pt(211) 
 135 116 - -154 - Pt(311) 
 135 125 - -145 - Pt(532) 
Table 6.2.3 The activation energies reported in the literature for stepped platinum crystal structures, and platinum foil. The 
column furthest to the right shows the surface, and the column third from the right the apparent activation energy from equation 
6.2.25. The column furthest to the right shows the apparent activation energy for N2O formation, using ∆𝑮𝟎,𝑶 = -362 kJ.mol-1.K-1, 
for NO adsorption ∆𝑮𝟎,𝑵𝑶 = -78 kJ.mol-1.K-1 (Traversac, 2007) 
It is clear from the analysis of the activation energy that there very little consensus in the literature currently. 
For both N2 and N2O, the values not only vary by large amounts between different crystal surfaces, but 
seemingly there is little agreement between authors for the same surface. The data that most of the models 
are based on is also contradictory and has often been taken from incorrectly referenced sources.  This 
section aims more to highlight the inconsistencies that currently exist in the activation energy selection, and 
no further analysis is given here. However it is strongly suggested that any future kinetic modelling must
 
 
determine better estimates for the activation energies, for an appropriate crystal structure. It should also be 
consistent with the apparent activation energies that can be extracted experimentally from the model.  
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6.3 Decomposition effects on the gauze 
Several researchers have stated that NO and N2O are decomposed on the catalyst (Andrews, 1985; 
Atroshchenko et al., 1971; Hatscher et al., 2008; Thiemann et al., 2000), while only Apel’baum and Temkin 
say that it does not occur (Apel'baum & Temkin, 1948). With these effects considered to be detrimental to 
NO yield, people have tried to minimise the residence time in the gauze pack (Atroshchenko et al., 1971). 
The aim of this subchapter is to test if decomposition occurs on the catalyst pack, to any meaningful degree. 
There are two obvious ways to examine decomposition – first to dope the flow with the product, and second 
to extend the contact time of the products with the catalyst. 
 
6.3.1 NO and N2O in the feed 
6.3.1.1 N2O addition 
N2O was added to the feed at a mole fraction typical of that which would be expected in the exit flow for 
combustion in air. The results shown in Figure 6.3.1 show mole flow of N2O exiting the burner versus N2O 
flow into the burner. Adherence of the data to the parity lines (of slope = 1) shows that the N2O in the feed is 
seen at the exit. This would indicate that no N2O was decomposed on the platinum or in the hot gas space 
after the gauze. The y-axis intercept is given by the base level of N2O formed from the combustion of 
ammonia in the absence of N2O addition.  
 
Figure 6.3.1 The mole flow of N2O out versus N2O flow in the feed inlet both normalised against ammonia flow in. The solid lines 
are of slope 1, intercept of the y axis is average of the experimental data points without N2O addition. (2 Bara, 43,500 kg.d
-1.m-2, 
[O2]:[NH3] = 2, [O2]:[Ar] = 9, 6 layers of Gauze B, and with and without N2O in feed)   
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6.3.1.2 NO addition 
Nitric oxide was not added to the feed in experiments carried out in this thesis, but there is some data for 
combustion in NO ballast. When Clement et al. looked at combustion in NO ballast they did not consider that 
they were also looking at NO decomposition on the gauze (Clement et al., 1986). Thus we use data from 
their experiments to study the decomposition of NO on the gauze, in the same way as we have carried out 
for N2O decomposition. 
Figure 6.3.2 and Figure 6.3.3 shows the selectivity profiles from the experiments of Clement et al., in 
comparison to the experimental results shown in the previous chapter. For the experiments carried out by 
Clement et al. two cases were shown: 
1. 12% ammonia in steam ballast, with oxygen to ammonia ratio 1.3 and 1.45. The gauze loading was 
20,600 kg.d.-1m-2 (Re = 0.33) 
2. 7.5% ammonia steam ballast, with 33% NO in the feed. The oxygen to ammonia ratios used were 
1.35 and 1.45, and the loadings were higher at 31,300 kg.d.-1m-2 (Re = 0.49). 
In both cases the measured combustion temperature was 880°C, which is approximately 80°C higher than 
the experiments carried out here. The mass fluxes in both of Clement’s experiments are lower than the 
experiments from this thesis. 
 
Figure 6.3.2 N2 selectivity versus oxygen to ammonia ratio. Data from experiments in this thesis, 10 vol.% NH3, in steam ballast, 
43,500 and 96,500 kg.d-1.m-2, at 800°C. The other data points are by Clement et al. Checked points are steam ballast at 12% 
ammonia, 20,600 kg.d-1.m-2 total mass flux, and circle points are 7% NH3, 43% NO, in steam ballast at 31300 kg.d
-1.m-2. Both set of 
experiments by Clement are at 880°C (Clement et al., 1986). 
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Figure 6.3.3 N2O selectivity versus oxygen to ammonia ratio. Data from experiments in this thesis, 10 vol.% NH3, in steam ballast, 
43,500 and 96,500 kg.d-1.m-2, at 800°C. The other data points are by Clement et al. Checked points are steam ballast at 12% 
ammonia, 20,600 kg.d-1.m-2 total mass flux, and circle points are 7% NH3, 43% NO, in steam ballast at 31300 kg.d
-1.m-2. Both set of 
experiments by Clement are at 880°C (Clement et al., 1986). 
 
The Lewis number of the NO ballast experiment is 1, which was determined using the method in Section 5.2 
on page 142. The profile should therefore be very similar for both the base case, and the NO ballast. The 
replenishment ratio of the NO ballast mixture is the same as the steam ballast base case, so if the NO is inert, 
the selectivity profiles should be very similar. 
Looking at the two selectivity profiles we can see that the effect of increasing the NO in the feed has very 
little effect on the selectivity to either N2 or N2O. The NO in the feed is nearly 4 times larger than would be 
seen at the exit of the burner in air combustion.  
In Section 6.2.1, the mechanism for N2O formation was a Langmuir Hinshelwood mechanism. As such if the 
NO is decomposed, first the NO must be adsorbed on to the surface: 
 𝑁𝑂(𝑔) + 𝑃𝑡(𝑠) ⇌ 𝑁𝑂(𝑠) 6.3.1 
where it will then react according to: 
 𝑁𝑂(𝑠) + 𝑁(𝑠) ⇌ 𝑁2𝑂(𝑠) + 𝑃𝑡(𝑠) 6.3.2 
Such a large increase in the partial pressure of NO at the surface has not resulted in a large increase in the 
N2O formed according to the reaction above. This would seem to indicate that NO is not decomposed on the 
gauze, especially in the much lower mole fractions found industrially in air combustion.  
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The second method of decomposition that has been shown is the dissociation of NO: 
 𝑁𝑂(𝑠) + 𝑃𝑡(𝑠) ⇌ 𝑁(𝑠) + 𝑂(𝑠) 6.3.3 
The surface N will further react to form N2 via the usual route. Given that the N2 selectivity was not increased 
significantly this is also seemingly not a very prevalent decomposition reaction. Backus et al. showed that 
dissociation of NO is greatly hindered by site blocking by other adsorbates (Backus, Eichler, Grecea, Kleyn, & 
Bonn, 2004). As the oxygen to ammonia ratio is increased, the oxygen coverage was shown to greatly 
increase, thus explaining why this reaction may not be important for industrial combustion. 
 
6.3.2 Addition of gauze layers 
If NO and N2O were being decomposed on platinum, increasing the number of gauzes would cause the 
apparent selectivity to both NO and N2O to be decreased. In the experiments shown in Figure 6.3.4 and 
Figure 6.3.5, the number of gauzes was doubled. There is no apparent decrease in the selectivity to either 
product, and the results are consistent with those shown in the subsection above. 
 
Figure 6.3.4 The selectivity of NH3 to N2O versus number of gauzes. (2 Bara, 10 vol% NH3, [O2]:[NH3] = 2, [O2]:[Ar] = 9, 43,500 kg.d
-
1.m-2) .  
193 
 
 
Figure 6.3.5 The selectivity of NH3 to NO versus number of gauzes. (2 Bara , 760°C, 10 vol% NH3, [O2]:[NH3] = 2, [O2]:[Ar] = 9, 
43,500 kg.d-1.m-2)   
This confirms the results of Apel’baum and Temkin who increased the number of gauzes, at a range of 
loadings and temperatures (Apel'baum & Temkin, 1948). Figure 6.3.6 below shows the results from their 
experiments, for combustion at atmospheric pressure and 10% NH3 in the inlet, at two gauze temperatures. 
They deduced that, providing there were sufficient gauzes to provide complete conversion of the ammonia, 
increasing the number of gauzes had no discernible impact on the selectivity, even at higher flows and 
temperatures. In the figure there is no difference between 3 and 5 layers at 800 and 900°C. However for 1 
gauze layer there is a difference for both temperatures, attributed to the breakthrough of ammonia and its 
subsequent homogeneous reaction, possibly directly with the products. From this work, Apel’baum and 
Temkin also dismissed the idea that there was an optimal residence time in the gauze pack. 
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Figure 6.3.6 The selectivity to NO versus gauze loading in Litres per hour per cm2, at atmospheric pressure, 10 vol.% NH3. Gauze 
was 0.09mm in diameter and 32 mesh per cm. Circle points are for 1 gauze layer, triangles are 3 layers, and square points are 5 
layers. Hollow points are at 800°C, and solid points at 900°C. (Apel'baum & Temkin, 1948)   
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6.4 Summary 
This chapter began by showing the development of a model, which described the N2 and N2O formation. It is 
the first to incorporate a detailed surface reaction mechanism, and mass transfer to and from the gauze. For 
the case of excess oxygen at the surface (Θ > 1), it showed that a term which combined the selectivity with 
the flow conditions, could be written as function of Θ, and temperature: 
 
𝑆𝑒𝑙(𝑁2)
𝑘𝑔,𝑁𝐻3[𝑁𝐻3]∞ = 𝑓 �1T� 6.4.1 
 
𝑆𝑒𝑙(𝑁2𝑂)[𝑁𝐻3]∞ 𝑘𝑔,𝑁𝑂𝑘𝑔,𝑁𝐻3 = 𝑔𝑎(Θ)𝑔𝑏 �1T� 6.4.2 
where, due to the large equilibrium constant for oxygen adsorption, the selectivity function for N2 was 
shown to be independent of Θ. From these expressions, master plots were presented for N2 and N2O. Plotted 
in this form, the experimental data from this thesis and from other studies show that the model described 
the effects occurring in ammonia combustion over a very wide range of conditions. The range of variables 
included, temperatures from 500 to 1000°C, pressures from 1 to 32 bara, ammonia inlet concentrations from 
6 to 18 volume percent, mass fluxes from 103 to 106 kg.d-1.m-2, and various different types of gauze.   
The model gave possible explanations for two key aspects of the combustion that until now have been 
unexplained. The first is why increased pressure of operation decreases the NO selectivity. The model 
indicates that it is not a change in the equilibrium, but rather an increase in the secondary reaction that 
forms N2O. The second is how the gauze type can improve the selectivity. The model explains a gauze that 
has a reduced mass transfer coefficient for NH3 will have a lower N2 selectivity at a set loading and 
temperature.  Thus an increased wire diameter and/or fractional open area is desirable. Additionally the 
model showed that increasing burner mass flux would increase the N2 selectivity, but not the N2O selectivity. 
This is something that has not been noted before.  
The Arrhenius plot of the selectivity functions, gave apparent activation energies for the N2 and N2O 
reactions. These apparent activation energies represented simple linear combinations of the activation 
energies for the NO, N2 and N2O forming reactions, and were compared to literature data for these 
reactions. However, it was shown that there was very little agreement among the activation energies from 
these studies and that no meaningful comparison with the new data could be made.  
Finally, using two different methods, it was shown that neither NO nor N2O is decomposed on the gauze to 
any discernible degree.  
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7 Conclusion 
This study set out to understand the kinetics of industrial ammonia combustion. It began by examining the 
history of ammonia combustion, and current burner design. Over the 20th century, three spikes in the price 
of platinum were shown to have influenced step-changes in the burner design. The first increase was from 
1910 to 1930, and the improvements focused on reducing the platinum metal inventory for a given plant 
capacity. This period led to the uptake of woven gauze catalyst, alloyed platinum catalysts, and new burner 
designs. It was shown that, during this era of burner development, the current burner flow conditions were 
set and appear not to have been changed very much since. The second price spike occurred in the mid-
1960s, and improvements focused on platinum metal losses. This period heralded the introduction of 
precious metal catchment gauzes, and use of cheaper metal oxide catalyst. The last price spike of the 20th 
century was in the mid-1980s, and caused the catalyst manufacturers to reduce their own precious metal 
inventory in manufacturing the gauze. This resulted in a change from woven to knitted gauzes, which 
enabled a 10-fold reduction in the platinum required to setup the weaving machines, and has resulted in a 
universal uptake in knitted gauze catalyst. In the last half of the first decade of the 21st century, there has 
been another price spike in the price of platinum. However unlike the earlier increases, there has seemingly 
been no further advancement made in either the burner or catalyst design.  
The literature review showed that the overall kinetics of the system is poorly understood. From this review 
there are 7 “old saws” which seem to set current thinking on burner optimization:   
1. The mass flux of a burner is set by an optimal residence time which is based on the pressure and 
temperature of the gauze. 
2. Increasing the pressure shifts the equilibrium of the product forming reactions to the side of the 
reactants, decreasing the NO yield. 
3. NO and N2O are decomposed on the gauze pack, thus to minimize NO decomposition there is an 
upper bound to the residence time in the gauze pack. 
4. In the absence of a flammable limit, the maximum ammonia mole fraction is set by stoichiometric 
ratio for NO formation. 
5. The gauze type can improve the NO selectivity and decrease the N2O selectivity 
6. The gauze temperature is constant throughout the gauze pack 
7. Combustion in steam ballast reduces the NO selectivity. 
The literature showed that the combustion system is controlled by the interaction of the mass transfer and 
surface reaction kinetics. Given this realization, perversely the study of the kinetics has been divided in to 
two groups; researchers who look at either the surface reactions or the mass transfer. The larger of the two 
groups looked at the surface kinetics only, focusing on Ultra High Vacuum studies, and only a limited number 
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of researchers from this group have “bridged the pressure gap”, and examined conditions closer to those 
seen industrially. Three mechanistic models were presented in the literature review. Despite the fact that 
each study considered the same reaction mechanism, each model was very different in its implementation of 
the mechanism into a micro-kinetic model.     
Only a smaller number of researchers consider the role of mass transfer in the reaction kinetics. When 
modelling the reaction, they limit themselves to the transport of ammonia to the surface only, ignoring the 
transport of oxygen and NO through the boundary layer, and omit the surface reactions altogether. In 
applying this limitation they restrict the ability of their models to describe either the effects of the oxygen-
to-ammonia ratio, or the effects of the secondary reaction that produces N2O. 
An experimental burner was constructed for this thesis, to investigate combustion over platinum gauzes 
under industrial conditions. The maximum capacity of the burner was 26 kg of 100% nitric acid per day, 
which is approximately 1:50,000 scale of a modern nitric acid plant. The burner was designed to burn 
ammonia in a steam ballast, and could operate at a maximum temperature of 900°C, pressure of 4bara, and 
gauze loading of 91,000 kg.d-1.m-2.  
Experimental results from this burner were presented, showing the selectivity of the products NO, N2 and 
N2O for variables of gauze temperature, pressure, ammonia inlet mole fraction, oxygen to ammonia ratio, 
and the number of gauzes. 
To understand the experimental results, two models were developed. The first modelled the temperature 
profile in the gauze pack, while a second modelled the mass transfer and
   
 reactions on the surface. The 
models were used to interpret both the experimental results in this thesis, and also those from other 
studies. 
7.1 Temperature in the gauze pack 
The model of the temperature profile in the burner enabled a more thorough examination of the catalyst 
surface and bulk gas temperatures than previous had been achieved by other researchers. The previous 
models assumed the Lewis number for ammonia in air to be 1. This resulted in a uniform gauze temperature, 
at the adiabatic gas temperature. However this new model showed the assumption to be false. The result of 
a non-unity Lewis number for ammonia in air is that the first gauze is considerably hotter than the adiabatic 
gas temperature. The new model explains the experimental results of Apel’baum and Temkin, who were not 
able to rationalize a hotter first gauze temperature. This result may also explain why, under industrial 
conditions, the first gauzes in the pack lose more platinum than the subsequent ones.  
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The model was used to examine the effect of burner parameters on the temperature profile of the gauze 
pack. Two parameters were seen to have the greatest impact on the temperature profiles. Firstly, different 
ballast media were shown to give very different first gauze temperatures, as the Lewis number for ammonia 
in different ballast gases changed. Secondly, an increased burner loading not only reduces the conversion 
per layer of gauze, but also significantly reduces the radiative losses relative to the convective heat transfer. 
The model also showed that the use of electrical heating to augment the gauze temperature was misguided, 
and such augmentation should not be used in combustion experiments. Subsequent experiments in which it 
is sought to manipulate the temperature should either preheat the inlet gases, or increase the inlet mole 
fraction of ammonia.   
 
7.2  Reaction kinetics 
The model for reaction kinetics looked at the interaction of mass transfer rates and surface reaction rates on 
the formation of NO, N2 and N2O. This resulted in expressions for the product ratio of N2 to NO and N2O to 
NO. At selectivities to N2 and N2O much less than the NO – those seen under industrial conditions – the 
product ratio approximates the selectivity expressions within a few percent. Thus for an excess of oxygen at 
the surface, and a low selectivity to N2 and N2O, the N2 selectivity expression is:  
 𝑆𝑒𝑙(𝑁2)[𝑁𝐻3]∞ 1𝑘𝑔,𝑁𝐻3 = 𝑓𝑎(Θ)𝑓𝑏 �1T� =  2 𝑘19𝑘172 �1 + �𝐾𝑂Θ�2𝐾𝑂Θ , Θ > 0 7.2.1 
where Θ is the oxygen excess above the surface, T is the gauze temperature, [𝑁𝐻3]∞the bulk ammonia inlet 
concentration, 𝑘𝑔,𝑖 the mass transfer coefficient of species 𝑖, 𝑘𝑗 the reaction rate constant for the formation 
of species 𝑗 on the surface, and 𝐾𝑂 is the equilibrium constant for the chemisorption of O2 on the surface. 
The expression resulted in two master plots of the experimental data; one for the N2 selectivity versus 
oxygen excess above the surface at constant temperature, and another for N2 selectivity as an Arrhenius 
plot. The experimental data over wide range of conditions - from both this thesis and from other studies - 
collapsed on to a single line in each plot, suggesting that the model describes the effects occurring in 
ammonia combustion to form N2. From these two master plots, four aspects of N2 formation in the 
combustion system were deduced:  
1. The N2 selectivity function was constant for varying Θ > 0.  
2. The variables that minimize the N2 selectivity are limited to the bulk inlet ammonia concentration, 
the mass transfer coefficient of ammonia in the gas mixture, and the temperature of the gauze. 
3. Increasing the pressure does not increase the N2 selectivity. 
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4. At a constant temperature the selectivity to N2 is only increased by increasing the product 
𝑘𝑔,𝑁𝐻3[𝑁𝐻3]∞. The mass transfer coefficient can be increased by increasing the burner loading, or 
alternatively reducing gauze wire diameter and/or fractional open area of the gauze.    
An analogous expression, under low N2 and N2O at oxygen excess at the surface, was developed for N2O 
selectivity: 
 
𝑆𝑒𝑙(𝑁2𝑂)[𝑁𝐻3]∞ 𝑘𝑔,𝑁𝑂𝑘𝑔,𝑁𝐻3 = 𝑔𝑎(Θ)𝑔𝑏 �1T� = 2𝑘20𝑘17 𝐾𝑁𝑂�𝐾𝑂 1√Θ , Θ > 0 7.2.2 
where 𝐾𝑁𝑂 is the equilibrium constant for the chemisorption of NO on the surface, and the other terms are 
the same as in equation 7.2.2. Two master plots were shown for N2O; one for the oxygen excess above the 
surface as Θ−0.5 at constant temperature, and a second as an Arrhenius plot. The fit for the oxygen excess 
was good, with the majority of scatter within the experimental error bounds. However at low Θ, the plot 
showed a sensitivity to the loading, which was attributed to the assumption of negligible bulk NO 
concentration. This apparent sensitivity to loading goes against the model, which predicts that the N2O 
selectivity should be independent of gauze loading. The Arrhenius plot was shown at Θ ≅ 1 mol.m-3 for 
experiments carried out here, and in one other study. The data collapsed on to one line over a range of 
conditions, from this thesis and in comparison to one other study. From these two master plots, three 
conditions were shown to increase the formation of N2O:    
1. Decreasing Θ 
2. Increasing pressure 
3. Increased ammonia concentration  
The ratio of activation energies for the product forming reactions were extracted from the Arrhenius plots 
for N2 and N2O. A review of the literature data showed that not only was there very little consensus between 
studies, but also that energies varied greatly between different platinum crystal faces.  
Lastly, it was demonstrated experimentally that there is negligible decomposition of NO and N2O on the 
gauze pack. This was achieved by both the addition of NO and N2O in the feed, and by increasing the number 
of gauzes in the pack.  
 
 
200 
 
7.3 Further work 
It would naive to think that the analysis in this thesis has removed the need for further investigation into 
industrial ammonia combustion kinetics. It is hoped that the change in the way this thesis has approached 
the kinetics, will allow others to follow in a similar vein. There are three suggested paths for further work. 
The first recommended progression is experimental. More validation of the gauze temperature model is 
required. It is a very difficult experiment to carry out on the present burner, and would require a completely 
new experimental setup. Initial thoughts are that platinum gauzes would be placed in a large diameter glass 
(lined) tube. A mixture of ammonia, oxygen and ballast gas would be preheated, and then be passed over 
the gauze pack at a range of mass fluxes. The temperature of the exit gas would be measured, as it was in 
the experiments in this thesis; however the temperature of the front and back of the gauze pack could also 
be measured using an optical pyrometer.  
The second suggested continuation is more comprehensive modelling of the system. This could be achieved 
using Computer Fluid Dynamics with an inbuilt reaction mechanism. This would allow the new model to 
incorporate both the reaction and the temperature models, and remove the pseudo-continuous aspect of 
the gauze variation in the current model. It is noted that this is not a trivial problem to examine in CFD, 
especially as one has to account for the interaction between layers of gauze. Building on the work in this 
thesis, such a model could be used to optimize the system further. Most importantly the CFD model could 
give a more accurate prediction of the N2O selectivity, as the assumption of a zero NO bulk concentration 
could be removed, and the conduction in the gauze pack could be included. 
The last suggested direction for further work is the development of a new type of burner and catalyst form.  
The current burner design was developed in the early part of the 20th century, when neither the surface 
reaction mechanism nor 7.2.1 the role of mass transfer was understood. Using equations  and 7.2.2 the 
current burner can be completely redesigned, being engineered from a first principles approach, rather than 
cobbled together from a heuristic understanding of the system. 
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7.4 Perspectives 
The two models, coupled with the experimental results from this thesis, challenged much of what is 
currently understood of the kinetics of industrial ammonia combustion. Below is a proposed correction of 
the “old saws”, which also act to summarize the findings of this thesis: 
1. The NO selectivity is a function of the mass transfer coefficient (which incorporates the burner 
loading and gauze type), the inlet ammonia and oxygen concentrations ([𝑁𝐻3]𝑖𝑛 and [𝑂2]𝑖𝑛), and 
the gauze temperature. 
2. Pressure does not affect the selectivity to N2, but does affect the N2O selectivity. 
3. NO and N2O are not decomposed on the gauze at an appreciable rate. 
4. The maximum NH3 mole fraction in the feed is set by the lower of either: 
a. The flammable limit 
b. The lowest value of Θ that still gives good NO selectivity, as determined by the relative 
diffusivities of O2 and NH3 in the bulk gas environment 
5. The gauze type can improve the selectivity to NO. At a given burner loading, a larger wire diameter 
and/or fractional open area, will give a higher NO and lower N2O selectivity.  
6. A uniform surface temperature profile in the gauze pack occurs only when the Lewis number of 
ammonia in the ballast gas is = 1. For combustion in air 𝐿𝑒 < 1, yielding a first gauze which is hotter 
than the adiabatic exit gas temperature.  
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A Appendix 
A.1 Literature review data 
 
  
vol % °C bara 
 
kg/d mm kgNH3/d/m2 
 
Burner design Year 
Conc. 
NH3 
Gauze 
Temp. 
Burner 
Pressure 
No.  
Gauzes 
NH3 
flow 
Burner 
size 
Gauze 
Loading* 
Sel. 
(NO) Source 
Kaiser 1916 8.0 860* 1.0 4 370 400x600 1542 90 (Kaiser, 1911; Mittasch, 1953) 
BAMAG 1913 8.0 800 1.0 1 30 250x650 185 90 (Landis, 1919; Mittasch, 1953) 
BAMAG 1916 9.0 860* 1.0 2 800 400x600 3077 90 (Handforth & Kirst, 1933; Partington, 1917) 
Landis 1916 9.0 800 1.0 2 109 305x610 586 96 (Landis, 1919) 
Parson 1918 10.5 825 1.0 4 616 305x610 3310 94 (Parsons, 1919) 
Höchst 1919 12 865* 1.0 4 266 508 dia. 1314 89 (Partington, 1921) 
Fauser 1928 - 845 4.5 2 - - 389# 91 (Fauser, 1928; Handforth & Kirst, 1933) 
Parson  1928 10.0 900 7.8 4 - 305x610 3317 90 (Chilton, 1968; Handforth & Kirst, 1933) 
Dupont 1929 10.0 900 7.8 16 - 610 dia. 106143# 96 (Fauser, 1930; Handforth & Kirst, 1933) 
Fauser 1930 11.0 850 1.0 2 - - 1944# 91 (Fauser, 1930; Handforth & Kirst, 1933) 
BAMAG 1930 9.0 850 1.0 4 6071 2000 dia. 1933 97 (Wendlandt, 1949) 
Table A.1.1 Industrial burner data from the literature, period 1910 to 1930, shown in Figure 2.1.10. 
 
 BarA °C mm kg.d-1.m-2   
Test burner  Max Pres. Max Temp. Diameter Max. Loading* Ballast media Author 
Kaiser 1 1000 200 3,000 Air (Kaiser, 1911) 
Cyanamid 1 900 102x152 2,600 Air (Landis, 1919) 
Kings College 1 700V 102x152 6,400 Air (Partington, 1918) 
Bureau of Mines 1 900V 76x152 40,000 Air (Parsons, 1919) 
Sheffield station 1 920V 305x305 32,000 Air (Curtis, 1922) 
Dupont 8 1000 76 75,600 Air (Chilton, 1968) 
Khar’kov Uni. 1 1 900V 12 60,700 Air (Appl’baum, 1948) 
Khar’kov Uni. 2  1 900V - 10,600V O2 (Zasorin, 1967) 
Khar’kov Uni. 3 1 1100 90 31,100 H2O (Zasorin, 1968) 
Khar’kov Uni. 4 31 1100 - 5,800,000 Air (Atroshchenko, 1971) 
Khar’kov Uni. 5 9 920V 15 1,320,000 H2O (Atroshchenko, 1978) 
Engelhard 13 1200 25 432,800 Air (Heck, 1982) 
Johnson Matthey 13 960 150 1,200,000 Air (Gough, 1986) 
DSM 1 900 23 31,300 H2O & NO (Clement, 1981) 
Sydney Uni. 4 900 45x45 91,100 H2O This thesis 
Table A.1.2 Test burners shown in the literature 
 
Key for tabulated data: 
* Value has been calculated from data in the text. 
 # Value has been converted from a loading in the form mass flow rate per mass of catalyst. 
@ is the midpoint between the maximum and minimum data points given in the text. 
- denotes no value in text, or insufficient data to be calculated from text.  
V denotes that a maximum is not given, so maximum value shown in the text has been taken. 
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BarA Vol% °C mm 
 
MtHNO3pd 
    
kgN2O/MtHNO3 kgNH3/d/m2 
 
Pres. 
Conc. 
NH3 
Gauze 
Temp 
Burner 
Dia. 
No 
burners Capacity Start Year Plant type Town  Country 
N2O 
 Pre-abait. 
Burner 
loading Project Code 
5.5 11.0 - 2,700 2 551 1995 UHDE Tertre Belgium 8.37 12,595 BE1000315 
6.5 11.5 - 3,820 1 750 1976 UHDE Tertre Belgium 8.07 17,129 BE1000314 
3.5 10.2 853 4,254 4 1100 1974 Grande Paroisse Devnia Bulgaria 5.54 5,064 BG1000154 
4.5 - 875@ 5,060 1 925 2010 UHDE Mejillones Chile - 12,040 UNFCCC 5393 
9.3 12.9 907@ 1,250 1 275 1963 Girldler Caragena Colombia 6.87 58,655 UNFCC 1119 
9.3 10.7 913@ 1,040 1 317 1972 Girldler Caragena Colombia 8.06 97,675 UNFCC 1119 
7.7 11.2 890 3,260 1 552 1981 UHDE Uusikaupunki  Finland 9.60 17,310 FI1000179 
4.8 12.0 888@ 2,640 1 421 1973 UHDE Siilinjärvi Finland 7.69 20,131 FI1000180 
4.4 12.5 880 4,372 2 1030 1972 UHDE/GPN Montoir France 5.70 8,979 FR1000213 
5.5 12.6 895 4,650 1 1380 1990 Yara Ambès France 7.00 21,270 FR1000148 
4.6 11.9 870 3,300 2 430 1960 - Pardies France 5.70 6,580 FR1000186 
4.0 11.5 - 3,960 2 1100 1970 Pinsch-Bamag Saint-Gobain Ottmarsheim France 5.41 11,689 FR1000212 
4.5 12.5 - 3,660 4 1250 1970 Grande Paroisse Grandpuits-Bailly-Carrois France 3.99 7,775 FR1000169 
5.8 - - 6,198 2 1500 2009 Grande Paroisse Grand Quevilly France 7.00 6,507 FR1000147 
6.0 - - 4,920 2 1050 1989 Grande Paroisse Grand Quevilly France 7.78 7,228 FR1000146 
4.5 - 865@ 4,850 2 1600 1984 Grande Paroisse Poppendorf Germany 8.30 11,334 DE1000182 
4.5 - 865@ 4,850 2 1600 1984 Grande Paroisse Poppendorf Germany 8.10 11,334 DE1000183 
12.6 12.0 919@ 1,145 1 300 1991 Weatherly Taloja India 7.00 76,261 UNFCCC 2943 
12.5 13.0 908@ 1,118 1 240 1992 Weatherly Mishor Rotem Arava Israel 7.60 63,991 UNFCCC 1174 
12.7 14.0 915@ 980 1 169 1987 Weatherly Haifa Israel 6.73 58,531 UNFCCC 1113 
7.0 11.7 895@ 1,650 8 2800 1972 UKL-7 Jonava Lithuania 5.00 42,844 LT2000014 
Table A.1.3 Plant data taken from the United Nations Framework Convention on Climate Change (UNFCCC), Clean Development Mechanism (CDM) project database 
(http://cdm.unfccc.int). 
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BarA Vol% °C mm 
 
MtHNO3pd kgNH3.d-1.m-2 
    
Pressure NH3 conc. Gauze Diameter No burners Capacity 
 
Burner loading* Start Year Plant type Town  Country Author 
7.3 11.5 927 1600 1 360 
 
45,416 - UKL-7 - USSR (Atroshchenko & Kargin, 1949) 
4.5 - - - 2 1,100 
 
- - AK-72 - USSR 
1.0 11.3 927 3000 1 925 
 
33,193 - - - USSR 
1.0 - 827 3000 - - 
 
- - TZ-300 - USSR 
1.2 11.8 900 - 8 96 
 
- 1950 ICI Billingham UK (Inskeep & Henry, 1953) 
11.3 10.3 940 914 1 227 
 
87,678 1959 C&I Stanford-le-hope UK (Bell, 1960) 
1.0 11.5 850 2896 3 151 
 
1,941 1960 Stamicarbon Ardeer UK (Sloan & Staats, 1961) 
10.1 - 950 727* - - 
 
110,500 - - - - (Holzmann, 1968) 
8.1 - 940 1128* - - 
 
27,929 - - - - 
8.1 - 940 1262* - - 
 
41,286 - - - - 
4.0 - 860 2764* - - 
 
7,529 - - - - 
4.0 - 870 2764* - - 
 
8,500 - - - - 
1.0 - 850 2942* - - 
 
2,732 - - - - 
1.0 - 850 2942* - - 
 
2,671 - - - - 
7.0 - 900 1650 1 355 
 
42,112 - UKL-7 - - (Chernyshevb & Kisil, 1993) 
4.0 - 840 4000 2 1,150 
 
11,606 -- AK-72 Kirovo-Chepetsk USSR 
 3.3 11.0 825 2145 8 554 
 
4,861 1961 Pinsch-Bamag Saint-Gobain Nangal India (Chhabra, 1994) 
11.7 10.6 940 - 1 700 
 
- 1968 CF Braun Rozenburg Netherlands (Verduijn, 1996) 
7.2 11.0 - 1650 1 355 
 
42,112 - UKL-7 Jonava Lithuania (Chernyshevb & Zjuzin, 2001) 
Table A.1.4 Plant data from literature. 
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$/tr oz.. US$ $/g 
  
$/tr oz.. US$ $/gram 
  
$/tr oz. US$ $/g 
  
$/tr oz. US$ $/g 
Year Price 2007 US$ 2007 Price 
 
Year Price 2007 US$ 2007 Price 
 
Year Price 2007 US$ 2007 Price 
 
Year Price 2007 US$ 2007 Price 
1900 6 0.05 3.86 
 
1929 68 0.08 27.33 
 
1957 90 0.14 20.67 
 
1985 291 0.52 18.06 
1901 20 0.05 12.86 
 
1930 44 0.08 17.68 
 
1958 66 0.14 15.16 
 
1986 462 0.53 28.05 
1902 20 0.05 12.86 
 
1931 32 0.07 14.70 
 
1959 72 0.14 16.53 
 
1987 553 0.55 32.42 
1903 19 0.05 12.22 
 
1932 32 0.07 14.70 
 
1960 83 0.14 18.71 
 
1988 525 0.57 29.58 
1904 21 0.05 13.50 
 
1933 31 0.06 16.61 
 
1961 84 0.14 18.64 
 
1989 507 0.60 27.27 
1905 17 0.05 10.93 
 
1934 34 0.06 18.22 
 
1962 84 0.15 18.39 
 
1990 467 0.63 23.83 
1906 28 0.05 18.00 
 
1935 33 0.07 15.16 
 
1963 81 0.15 17.58 
 
1991 371 0.66 18.16 
1906 28 0.05 18.00 
 
1936 42 0.07 19.29 
 
1964 88 0.15 18.96 
 
1992 356 0.68 16.90 
1908 21 0.05 13.50 
 
1937 47 0.07 21.59 
 
1965 98 0.15 20.74 
 
1993 370 0.70 17.06 
1909 25 0.05 16.08 
 
1938 34 0.07 15.62 
 
1966 100 0.16 20.53 
 
1994 401 0.72 18.05 
1910 33 0.05 21.22 
 
1939 36 0.07 16.53 
 
1967 110 0.16 22.02 
 
1995 421 0.74 18.41 
1911 43 0.05 27.65 
 
1940 36 0.09 12.86 
 
1968 256 0.17 49.05 
 
1996 395 0.76 16.77 
1912 45 0.05 28.94 
 
1941 36 0.07 16.53 
 
1969 202 0.18 36.65 
 
1997 388 0.77 16.13 
1913 45 0.05 28.94 
 
1942 36 0.08 14.47 
 
1970 152 0.19 26.08 
 
1998 385 0.79 15.74 
1914 45 0.05 28.94 
 
1943 35 0.08 14.07 
 
1971 110 0.20 18.05 
 
1999 378 0.80 15.11 
1915 47 0.05 30.22 
 
1944 35 0.08 14.07 
 
1972 124 0.20 19.80 
 
2000 544 0.83 21.05 
1916 83 0.05 53.37 
 
1945 35 0.09 12.50 
 
1973 154 0.21 23.18 
 
2001 529 0.85 19.92 
1917 103 0.06 55.19 
 
1946 53 0.09 18.93 
 
1974 192 0.24 25.99 
 
2002 539 0.87 19.97 
1918 106 0.07 48.69 
 
1947 62 0.11 18.12 
 
1975 150 0.26 18.65 
 
2003 691 0.89 25.06 
1919 115 0.08 46.22 
 
1948 92 0.12 24.65 
 
1976 153 0.27 17.99 
 
2004 845 0.91 29.83 
1920 111 0.10 35.69 
 
1949 75 0.11 21.92 
 
1977 158 0.29 17.36 
 
2005 897 0.94 30.61 
1921 75 0.09 26.79 
 
1950 76 0.12 20.36 
 
1978 261 0.31 26.70 
 
2006 1142 0.97 37.78 
1922 98 0.08 39.38 
 
1951 93 0.13 23.00 
 
1979 446 0.35 40.94 
 
2007 1303 1.00 41.89 
1923 117 0.08 47.02 
 
1952 93 0.13 23.00 
 
1980 677 0.40 54.85 
 
2008 1574 1.04 48.64 
1924 119 0.08 47.82 
 
1953 93 0.13 23.00 
 
1981 446 0.44 32.74 
 
2009 1203 1.03 37.57 
1925 119 0.08 47.82 
 
1954 88 0.13 21.76 
 
1982 327 0.47 22.64 
 
2010 1609 1.05 49.27 
1926 113 0.09 40.37 
 
1955 94 0.13 23.25 
 
1983 424 0.48 28.37 
 
2011 1752 1.08 52.16 
1927 85 0.08 34.16 
 
1956 105 0.13 25.97 
 
1984 357 0.50 22.89 
 
2012 1552 1.11 44.94 
1928 79 0.08 31.75 
               Table A.1.5 Yearly average platinum price data 1900 to 2012, shown in Figure 2.1.14. Inflation data from 1913-2012 United States Department of Labor’s Consumer Price Index, 1900-1912 
is taken to be the same as 1913 and is shown in italics. Platinum price 1900-1959 United States Geological Survey, and 1960-2012 Kitco.com.  
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A.2 Calibration curves 
A.2.1 Mass flow controllers 
Set value on Oxygen MFC (slpm)
0 2 4 6 8 10 12 14
M
ea
su
re
d 
va
lu
e 
on
 D
ry
C
al
 (s
lp
m
)
0
2
4
6
8
10
12
14
Data
y = 1.0071x - 0.0628 (R2 = 1.00)
 
Figure A.2.1 The oxygen mass flow controller calibration curve. 
Set value on Argon MFC (slpm)
0.0 0.2 0.4 0.6 0.8 1.0
M
ea
su
re
d 
va
lu
e 
on
 D
ry
C
al
 (s
lp
m
)
0.0
0.2
0.4
0.6
0.8
1.0
Data
y = 1.0029x + 0.0007 (R2 = 1.00)
 
Figure A.2.2 The argon mass flow controller calibration curve. 
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A.2.2 Micro Gas chromatograph 
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Figure A.2.3 The μGC calibration curve for Molecular sieve column Peak area versus oxygen concentration. 
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Figure A.2.4 The μGC calibration curve for Molecular sieve column Peak area versus nitrogen concentration. 
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Figure A.2.5 The μGC calibration curve for Molecular sieve column Peak area versus helium concentration. 
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Figure A.2.6 The μGC calibration curve for PoraPLOT Q column Peak area versus nitrous oxide concentration. 
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A.3 Experimental results 
 
 
11,600 kg/d/m2 
  
26,600 kg/d/m2 
  
39,900 kg/d/m2 
°C Selectivites (%) 
 
°C Selectivites (%) 
 
°C Selectivites (%) 
Temp SN2 SN2O SNO 
 
Temp SN2 SN2O SNO 
 
Temp SN2 SN2O SNO 
725 2.68 0.94 96.39 
 
826 2.36 0.69 96.95 
 
810 1.92 0.94 97.15 
726 2.61 1.00 96.38 
 
823 2.37 0.68 96.96 
 
802 2.02 1.04 96.94 
720 2.63 1.00 96.37 
 
822 2.31 0.69 97.00 
 
800 2.07 1.18 96.75 
830 4.04 0.59 95.36 
 
823 2.22 0.73 97.06 
 
811 1.95 1.07 96.98 
816 3.60 0.55 95.86 
 
818 2.19 0.75 97.06 
 
807 1.94 1.09 96.97 
815 3.62 0.54 95.84 
 
815 2.23 0.74 97.02 
 
808 1.88 1.09 97.03 
700 2.46 1.32 96.22 
 
826 2.36 0.69 96.95 
 
745 2.14 1.47 96.38 
698 2.45 1.28 96.27 
 
823 2.37 0.68 96.96 
 
748 2.15 1.51 96.34 
698 2.47 1.29 96.23 
 
822 2.31 0.69 97.00 
 
751 2.14 1.44 96.42 
822 3.71 0.59 95.70 
 
823 2.22 0.73 97.06 
 
715 2.69 1.79 95.53 
825 3.85 0.56 95.59 
 
818 2.19 0.75 97.06 
 
715 2.61 1.73 95.66 
827 3.93 0.54 95.53 
 
815 2.23 0.74 97.02 
 
717 2.57 1.69 95.74 
750 2.67 1.00 96.33 
 
820 2.18 0.84 96.98 
 
758 2.35 1.52 96.13 
751 2.62 0.95 96.43 
 
810 2.13 0.90 96.97 
 
753 2.29 1.37 96.35 
753 2.64 0.93 96.43 
 
809 2.12 0.91 96.96 
 
746 2.43 1.52 96.05 
    
 
810 2.11 0.90 96.99 
 
715 2.63 1.75 95.63 
    
 
810 2.15 0.93 96.92 
 
715 2.56 1.69 95.76 
    
 
810 2.12 0.90 96.98 
 
717 2.51 1.65 95.83 
    
 
708 2.81 2.36 94.83 
 
758 2.30 1.49 96.21 
    
 
712 2.70 2.07 95.23 
 
753 2.24 1.34 96.43 
    
 
709 2.63 2.03 95.33 
 
746 2.38 1.49 96.14 
Table A.3.1 Experimental data for the variation of temperature shown in Figure 4.1.1, Figure 4.1.2 and Figure 4.1.3 for 
Gauze A. 
 
 
34,700 kg/d/m2 
  
43,500 kg/d/m2 
  
69,500 kg/d/m2 
°C Selectivites (%) 
 
°C Selectivites (%) 
 
°C Selectivites (%) 
Temp SN2 SN2O SNO 
 
Temp SN2 SN2O SNO 
 
Temp SN2 SN2O SNO 
726.9 2.42 1.05 96.53 
 
682.9 2.79 1.89 95.32 
 
802.1 2.72 1.11 96.17 
725.3 2.44 1.09 96.46 
 
688.5 2.70 1.78 95.52 
 
807.8 2.66 1.07 96.27 
710.3 2.51 1.21 96.28 
 
703.1 2.67 1.69 95.64 
 
809.7 2.62 1.05 96.33 
707.7 2.49 1.15 96.36 
 
715.9 2.63 1.59 95.78 
 
816.7 2.54 1.00 96.46 
702.7 2.48 1.21 96.30 
 
736.1 2.54 1.27 96.19 
 
821.2 2.56 0.97 96.47 
769.0 2.38 0.86 96.76 
 
764.8 2.40 1.12 96.48 
 
826.3 2.56 0.95 96.50 
786.2 2.37 0.78 96.85 
 
777.4 2.36 1.05 96.58 
 
828.1 2.61 0.94 96.46 
790.4 2.37 0.74 96.88 
 
789.5 2.35 0.89 96.77 
 
841.1 2.56 0.86 96.58 
800.9 2.41 0.68 96.91 
 
803.7 2.34 0.95 96.71 
 
819.1 2.47 0.90 96.62 
812.9 2.43 0.64 96.93 
 
815.3 2.38 0.82 96.80 
 
798.1 2.54 1.02 96.44 
822.1 2.47 0.61 96.92 
 
828.4 2.42 0.76 96.81 
 
778.2 2.62 1.21 96.17 
768.9 2.32 0.73 96.95 
 
843.2 2.44 0.71 96.85 
 
754.6 2.66 1.30 96.03 
759.7 2.26 0.75 96.98 
 
853.1 2.47 0.65 96.88 
 
743.9 2.69 1.39 95.92 
746.5 2.25 0.88 96.87 
      
732.0 2.84 1.55 95.62 
724.4 2.27 1.02 96.71 
      
727.1 2.81 1.58 95.62 
717.0 2.28 1.08 96.64 
      
718.9 2.92 1.69 95.39 
708.1 2.35 1.16 96.49 
      
715.9 2.97 1.75 95.29 
698.3 2.40 1.32 96.28 
      
705.7 3.13 1.94 94.94 
691.9 2.41 1.33 96.26 
      
705.3 3.10 1.88 95.02 
684.7 2.41 1.28 96.30 
      
700.4 3.17 1.97 94.85 
675.6 2.45 1.52 96.03 
          Table A.3.2 Experimental data for the variation of temperature shown in Figure 4.1.1, Figure 4.1.2, and Figure 4.1.3 for 
Gauze B.  
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800°C 34,700 kg/d/m2 
 
800°C 69,500 kg/d/m2 
BarA Selectivites (%) 
 
BarA Selectivites (%) 
Pressure SN2 SN2O SNO 
 
Pressure SN2 SN2O SNO 
2.0 2.55 0.67 96.78 
 
2.0 2.47 0.94 96.60 
2.0 2.53 0.67 96.80 
 
2.0 3.15 1.01 95.84 
2.0 2.41 0.68 96.91 
 
2.0 2.62 1.05 96.33 
2.0 2.66 0.74 96.60 
 
1.3 2.61 0.97 96.42 
2.0 2.59 0.68 96.73 
 
1.3 2.57 0.93 96.50 
2.0 2.63 0.69 96.68 
 
1.3 2.48 0.91 96.61 
3.0 4.03 0.83 95.14 
 
1.3 2.50 0.94 96.56 
3.0 4.40 0.77 94.83 
 
1.3 2.56 0.94 96.51 
3.0 4.91 0.72 94.37 
 
3.0 3.15 1.03 95.83 
1.2 2.20 0.62 97.18 
 
3.0 3.56 1.12 95.33 
1.2 2.21 0.64 97.15 
 
3.0 3.45 1.06 95.49 
1.2 2.25 0.61 97.14 
     Table A.3.3 The effect of pressure on selectivity as shown in Figure 4.1.4, Figure 4.1.5, and Figure 4.1.6 for Gauze B. 
 
NH3 mole frac. 12.3 vol% 
 
NH3 mole frac. 10.1 vol% 
 
NH3 mole frac. 8.0 vol% 
 °C Selectivites (%) 
 
°C Selectivites (%) 
 
°C Selectivites (%) 
Temp. SN2 SN2O SNO 
 
Temp. SN2 SN2O SNO 
 
Temp. SN2 SN2O SNO 
836 2.18 0.54 97.27 
 
683 2.79 1.89 95.32 
 
732 4.08 2.17 93.75 
828 2.15 0.47 97.38 
 
689 2.70 1.78 95.52 
 
744 3.78 2.00 94.22 
814 2.13 0.51 97.35 
 
703 2.67 1.69 95.64 
 
758 3.84 1.94 94.22 
807 2.09 0.51 97.40 
 
716 2.63 1.59 95.78 
 
766 3.79 1.84 94.37 
798 2.06 0.52 97.42 
 
729 2.44 1.20 96.36 
 
781 3.49 1.62 94.89 
790 2.05 0.54 97.42 
 
736 2.54 1.27 96.19 
 
779 3.54 1.63 94.83 
785 2.04 0.55 97.41 
 
765 2.40 1.12 96.48 
 
765 3.59 1.73 94.68 
770 2.01 0.62 97.37 
 
777 2.36 1.05 96.58 
     753 2.08 0.67 97.25 
 
790 2.35 0.89 96.77 
     745 2.10 0.75 97.16 
 
804 2.34 0.95 96.71 
     738 2.13 0.77 97.10 
 
815 2.38 0.82 96.80 
     731 2.13 0.81 97.07 
 
828 2.42 0.76 96.81 
     726 2.15 0.86 96.99 
 
843 2.44 0.71 96.85 
     719 2.20 0.91 96.89 
 
853 2.47 0.65 96.88 
     709 2.23 0.99 96.78 
 
766 2.69 1.06 96.25 
     709 2.21 0.99 96.80 
 
778 2.58 0.99 96.43 
     701 2.25 1.05 96.71 
 
786 2.51 0.93 96.56 
     
     
795 2.52 0.88 96.60 
     
     
803 2.50 0.81 96.69 
     
     
814 2.51 0.84 96.65 
     
     
756 2.79 1.23 95.98 
     
     
761 2.57 1.15 96.29 
     
     
763 2.62 1.19 96.18 
     Table A.3.4 The effect of ammonia mole fraction on selectivity as shown in Figure 4.2.2, Figure 4.2.3, and Figure 4.2.4 for 
Gauze B. 
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34,700 kg/d/m2 
  
96,500 kg/d/m2 
 
Selectivites (%) 
  
Selectivites (%) 
[O2]:[NH3] SN2 SN2O SNO 
 
[O2]:[NH3] SN2 SN2O SNO 
1.28 9.7 2.1 88.2 
 
1.95 2.5 1.1 96.4 
1.28 8.9 2.1 89.0 
 
1.95 2.6 1.1 96.2 
1.28 9.3 2.1 88.6 
 
1.95 2.7 1.2 96.1 
1.81 2.7 0.8 96.5 
 
1.30 12.2 3.2 84.6 
1.81 2.8 0.7 96.5 
 
1.30 11.6 3.3 85.1 
1.81 2.7 0.7 96.6 
 
1.30 12.2 3.3 84.5 
1.41 4.2 1.5 94.4 
 
1.82 2.8 1.4 95.8 
1.41 4.0 1.4 94.6 
 
1.82 2.8 1.4 95.9 
1.41 4.1 1.4 94.5 
 
1.82 2.8 1.3 95.9 
1.54 3.0 1.1 96.0 
 
1.43 5.9 2.4 91.7 
1.54 2.9 1.0 96.1 
 
1.43 6.0 2.4 91.7 
1.54 3.0 1.0 96.0 
 
1.43 6.0 2.4 91.6 
1.36 5.2 1.6 93.2 
 
1.56 3.9 1.8 94.3 
1.36 4.9 1.6 93.4 
 
1.56 3.9 1.8 94.3 
1.36 5.1 1.7 93.2 
 
1.56 3.7 1.7 94.5 
2.33 2.6 0.6 96.8 
 
1.38 7.7 2.6 89.7 
2.33 2.4 0.6 96.9 
 
1.38 7.6 2.7 89.8 
2.33 2.5 0.6 96.9 
 
1.38 7.4 2.6 90.0 
     
2.35 2.0 1.0 97.0 
     
2.35 2.0 0.9 97.1 
     
2.35 2.0 0.9 97.1 
     
2.87 1.9 0.9 97.2 
     
2.87 2.0 0.8 97.2 
     
2.87 2.0 0.8 97.2 
Table A.3.5 The effect of [O2]:[NH3] ratio on selectivity as shown in Figure 4.2.5, Figure 4.2.6, and Figure 4.2.7 for Gauze 
B. 
 
NH3 mole frac. 10.1 vol% 
 
NH3 mole. 12.3 vol% 
% °C Select.(%)  % °C Select.(%) 
N2O in feed Temp SN2O 
 
N2O in feed Temp SN2O 
0.085 771.3 1.11 
 
0 773.1 0.82 
0.085 778.3 1.14 
 
0 769.1 0.83 
0.085 780.3 1.16 
 
0 772.1 0.85 
0 781.3 1.32 
 
0.043 759.6 0.78 
0 781.2 1.22 
 
0.043 770.7 0.83 
0 782.1 1.24 
 
0.043 778.3 0.87 
Table A.3.6 The addition of N2O in the feed as shown in Figure 4.3.1 for Gauze B. 
 
 
715°C 
  
750°C 
  
810°C 
 
Selectivites (%) 
  
Selectivites (%) 
  
Selectivites (%) 
𝑵𝒈 SN2 SN2O SNO 
 
𝑵𝒈 SN2 SN2O SNO 
 
𝑵𝒈 SN2 SN2O SNO 
8 2.63 1.59 95.78 
 
6 2.79 1.23 95.98 
 
4 1.92 0.94 97.15 
8 3.09 1.44 95.47 
 
6 2.57 1.15 96.29 
 
4 1.95 1.07 96.98 
4 2.69 1.79 95.53 
 
6 2.62 1.19 96.18 
 
4 1.94 1.09 96.97 
4 2.61 1.73 95.66 
 
6 2.65 1.38 95.97 
 
4 1.88 1.09 97.03 
4 2.57 1.69 95.74 
 
8 2.58 1.46 95.97 
 
8 2.50 0.81 96.69 
8 2.63 1.59 95.78 
 
4 2.14 1.47 96.38 
 
8 2.52 0.88 96.60 
8 3.09 1.44 95.47 
 
4 2.15 1.51 96.34 
 
8 2.34 0.95 96.71 
4 2.69 1.79 95.53 
 
4 2.14 1.44 96.42 
 
    
4 2.61 1.73 95.66 
 
4 2.43 1.52 96.05 
 
    
4 2.57 1.69 95.74 
 
4 2.24 1.34 96.43 
 
    
    
 
4 2.38 1.49 96.14 
 
    
Table A.3.7 The number of gauzes (𝑵𝒈) in the pack as shown in Figure 4.4.1, Figure 4.4.2, and Figure 4.4.3 for Gauze B. 
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BarA - vol% kg.d-1.m-2 % - mol.m-3 m2.s.mol-1 
Pres [O2]:[NH3] 𝒙𝑵𝑯𝟑 G SN2 SN2O 𝑹𝒆𝜸 Θ 𝚵(𝑵𝟐) 𝚵(𝑵𝟐𝑶) 
2.0 1.28 10.0 43,500 9.7 2.1 0.77 -0.54 72.23 8.94 
2.0 1.28 10.0 43,500 8.9 2.1 0.77 -0.56 66.45 8.82 
2.0 1.28 10.0 43,500 9.3 2.1 0.77 -0.55 69.09 8.75 
2.0 1.81 10.0 43,500 2.7 0.8 0.77 0.77 19.92 3.28 
2.0 1.81 10.0 43,500 2.8 0.7 0.77 0.77 20.60 3.13 
2.0 1.41 10.0 43,500 4.2 1.5 0.77 -0.28 30.85 6.18 
2.0 1.41 10.0 43,500 4.0 1.4 0.77 -0.28 29.63 6.11 
2.0 1.41 10.0 43,500 4.1 1.4 0.77 -0.28 30.33 5.93 
2.0 1.54 10.0 43,500 3.0 1.1 0.77 0.06 21.99 4.47 
2.0 1.54 10.0 43,500 2.9 1.0 0.77 0.06 21.47 4.31 
2.0 1.54 10.0 43,500 3.0 1.0 0.77 0.06 22.35 4.34 
2.0 1.36 10.0 43,500 5.2 1.6 0.77 -0.41 38.86 6.79 
2.0 1.36 10.0 43,500 4.9 1.6 0.77 -0.41 36.67 6.87 
2.0 1.36 10.0 43,500 5.1 1.7 0.77 -0.41 37.89 7.17 
2.0 2.33 10.0 43,500 2.6 0.6 0.77 2.22 19.10 2.65 
2.0 2.33 10.0 43,500 2.4 0.6 0.77 2.22 18.17 2.75 
2.0 2.33 10.0 43,500 2.5 0.6 0.77 2.22 18.64 2.69 
2.0 1.30 10.0 98,500 12.2 3.2 1.75 -0.45 63.77 13.42 
2.0 1.30 10.0 98,500 11.6 3.3 1.75 -0.46 60.49 13.90 
2.0 1.30 10.0 98,500 12.2 3.3 1.75 -0.45 63.58 14.14 
2.0 1.82 10.0 98,500 2.8 1.4 1.75 0.83 14.71 5.78 
2.0 1.82 10.0 98,500 2.8 1.4 1.75 0.83 14.52 5.78 
2.0 1.82 10.0 98,500 2.8 1.3 1.75 0.82 14.53 5.70 
2.0 1.43 10.0 98,500 5.9 2.4 1.75 -0.20 30.69 10.30 
2.0 1.43 10.0 98,500 6.0 2.4 1.75 -0.20 31.17 10.09 
2.0 1.56 10.0 98,500 3.9 1.8 1.75 0.12 20.36 7.52 
2.0 1.56 10.0 98,500 3.9 1.8 1.75 0.12 20.34 7.59 
2.0 1.56 10.0 98,500 3.7 1.7 1.75 0.12 19.60 7.30 
2.0 1.38 10.0 98,500 7.7 2.6 1.75 -0.31 40.18 11.17 
2.0 1.38 10.0 98,500 7.6 2.7 1.75 -0.31 39.47 11.39 
2.0 1.38 10.0 98,500 7.4 2.6 1.75 -0.32 38.69 11.19 
2.0 2.35 10.0 98,500 2.0 1.0 1.75 2.26 10.68 4.25 
2.0 2.35 10.0 98,500 2.0 0.9 1.75 2.26 10.49 3.92 
2.0 2.35 10.0 98,500 2.0 0.9 1.75 2.25 10.34 3.72 
2.0 2.87 10.0 98,500 1.9 0.9 1.75 3.70 10.13 3.70 
2.0 2.87 10.0 98,500 2.0 0.8 1.75 3.70 10.22 3.57 
2.0 2.87 10.0 98,500 2.0 0.8 1.75 3.70 10.27 3.56 
2.0 2.00 10.0 34,700 2.6 0.7 0.62 1.48 1.38 0.19 
3.0 2.00 10.0 34,700 4.0 0.8 0.62 2.26 2.12 0.15 
3.0 2.00 10.0 34,700 4.4 0.8 0.62 2.27 2.32 0.14 
3.0 2.00 10.0 34,700 4.9 0.7 0.62 2.28 2.58 0.13 
1.2 2.00 10.0 34,700 2.2 0.6 0.62 0.88 1.16 0.28 
1.2 2.00 10.0 34,700 2.2 0.6 0.62 0.88 1.16 0.29 
1.2 2.00 10.0 34,700 2.2 0.6 0.62 0.88 1.18 0.28 
2.0 2.00 10.0 69,500 2.5 0.9 1.24 1.48 0.96 0.25 
2.0 2.00 10.0 69,500 3.1 1.0 1.24 1.49 1.23 0.28 
2.0 2.00 10.0 69,500 2.6 1.0 1.24 1.48 1.02 0.29 
1.3 2.00 10.0 69,500 2.6 1.0 1.24 0.96 1.02 0.41 
1.3 2.00 10.0 69,500 2.6 0.9 1.24 0.96 1.00 0.39 
1.3 2.00 10.0 69,500 2.5 0.9 1.24 0.96 0.97 0.38 
1.3 2.00 10.0 69,500 2.6 0.9 1.24 0.96 1.00 0.39 
3.0 2.00 10.0 69,500 3.1 1.0 1.24 2.23 1.23 0.19 
3.0 2.00 10.0 69,500 3.6 1.1 1.24 2.25 1.39 0.20 
3.0 2.00 10.0 69,500 3.4 1.1 1.24 2.24 1.35 0.19 
3.0 2.00 12.7 71,500 3.1 1.0 1.27 2.82 0.94 0.14 
3.0 2.00 12.7 71,500 3.2 1.0 1.27 2.83 0.96 0.14 
3.0 2.00 12.7 71,500 3.1 1.0 1.27 2.83 0.96 0.14 
Table A.3.8 The experimental data for the plot of 𝚵(𝑵𝟐) and 𝚵(𝑵𝟐𝑶) versus 𝚯, shown in Figure 6.2.4 and Figure 6.2.5. 
Data taken for Gauze B at 800°C. 
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BarA °C - vol% kg.d-1.m-2 % - mol.m-3 m2.s.mol-1 
Pres Temp [NH3]:[O2] 𝒙𝑵𝑯𝟑 G SN2 SN2O 𝑹𝒆𝜸 Θ 𝚵(𝑵𝟐) 𝚵(𝑵𝟐𝑶) 
2.0 725 1.9 12.7 35,664 3.3 1.0 0.89 1.46 1.37 0.26 
2.0 727 1.9 12.7 35,664 3.3 1.0 0.89 1.46 1.37 0.26 
2.0 729 1.9 12.7 35,664 3.3 1.1 0.89 1.46 1.36 0.27 
2.0 764 1.9 12.7 53,571 2.7 0.9 1.33 1.48 0.94 0.24 
2.0 760 1.9 12.7 53,571 2.9 1.0 1.33 1.48 1.00 0.26 
2.0 759 1.9 12.7 53,571 2.8 1.1 1.33 1.48 0.97 0.27 
2.0 777 1.9 12.7 71,479 2.5 0.9 1.77 1.49 0.76 0.22 
2.0 777 1.9 12.7 71,479 3.1 1.1 1.77 1.50 0.96 0.28 
2.0 778 1.9 12.7 71,479 3.1 1.1 1.77 1.50 0.97 0.28 
2.0 706 1.9 10.6 74,967 5.8 2.3 1.86 1.31 2.19 0.74 
2.0 704 1.9 10.6 74,967 4.7 2.4 1.86 1.29 1.76 0.75 
2.0 704 1.9 10.6 74,967 4.8 2.4 1.86 1.29 1.80 0.76 
2.0 657 1.9 9.4 69,548 5.9 3.8 1.73 1.16 2.68 1.40 
2.0 654 1.9 9.4 69,548 5.9 3.9 1.73 1.16 2.66 1.44 
2.0 651 1.9 9.4 69,548 6.0 4.1 1.73 1.16 2.74 1.48 
2.0 609 1.9 8.0 80,213 10.4 7.1 1.99 1.07 5.69 3.31 
2.0 604 1.9 8.0 80,213 10.3 7.2 1.99 1.07 5.63 3.35 
2.0 606 1.9 8.0 80,213 10.5 7.5 1.99 1.08 5.81 3.55 
2.0 556 1.9 6.7 74,779 17.1 11.9 1.86 0.99 13.30 7.70 
2.0 553 1.9 6.7 74,779 18.2 12.7 1.86 1.01 14.55 8.43 
2.0 551 1.9 6.7 74,779 18.0 12.8 1.86 1.01 14.35 8.45 
2.0 725 1.9 12.7 35,664 3.3 1.0 0.89 1.46 1.37 0.26 
2.0 727 1.9 12.7 35,664 3.3 1.0 0.89 1.46 1.37 0.26 
2.0 729 1.9 12.7 35,664 3.3 1.1 0.89 1.46 1.36 0.27 
2.0 764 1.9 12.7 53,571 2.7 0.9 1.33 1.48 0.94 0.24 
2.0 760 1.9 12.7 53,571 2.9 1.0 1.33 1.48 1.00 0.26 
2.0 759 1.9 12.7 53,571 2.8 1.1 1.33 1.48 0.97 0.27 
2.0 777 1.9 12.7 71,479 2.5 0.9 1.77 1.49 0.76 0.22 
2.0 777 1.9 12.7 71,479 3.1 1.1 1.77 1.50 0.96 0.28 
2.0 778 1.9 12.7 71,479 3.1 1.1 1.77 1.50 0.97 0.28 
2.0 706 1.9 10.6 74,967 5.8 2.3 1.86 1.31 2.19 0.74 
2.0 704 1.9 10.6 74,967 4.7 2.4 1.86 1.29 1.76 0.75 
2.0 704 1.9 10.6 74,967 4.8 2.4 1.86 1.29 1.80 0.76 
2.0 657 1.9 9.4 69,548 5.9 3.8 1.73 1.16 2.68 1.40 
2.0 654 1.9 9.4 69,548 5.9 3.9 1.73 1.16 2.66 1.44 
2.0 651 1.9 9.4 69,548 6.0 4.1 1.73 1.16 2.74 1.48 
2.0 609 1.9 8.0 80,213 10.4 7.1 1.99 1.07 5.69 3.31 
2.0 604 1.9 8.0 80,213 10.3 7.2 1.99 1.07 5.63 3.35 
2.0 606 1.9 8.0 80,213 10.5 7.5 1.99 1.08 5.81 3.55 
2.0 556 1.9 6.7 74,779 17.1 11.9 1.86 0.99 13.30 7.70 
2.0 553 1.9 6.7 74,779 18.2 12.7 1.86 1.01 14.55 8.43 
2.0 551 1.9 6.7 74,779 18.0 12.8 1.86 1.01 14.35 8.45 
Table A.3.9 The experimental data for the Arhenius plot of  𝚵(𝑵𝟐) and (𝑵𝟐𝑶) , shown in Figure 6.2.8 and Figure 6.2.9. 
Data taken for Gauze B. 
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A.4 Other researchers’ experimental data 
There is some data from the literature presented in the thesis. In most instances this data has had to 
be converted in to another form to be able to compare the different conditions. In most of the 
studies the Gillard method has been used to determine the selectivity, and hence only the NO 
selectivity is given. The N2 and N2O are effectively lumped together as the remainder. As such the N2 
selectivity has been assumed to be: 
 𝑆𝑒𝑙(𝑁2) = 34 �100 − 𝑆𝑒𝑙( 𝑁𝑂)�              A.4.1 
This data has been marked with an asterisk. Unless otherwise stated the conversion of ammonia is 
assumed to be 100%. The diffusivities and other properties of the fluid are shown in table below. 
The properties of the gas have been taken to be at 700°C and 1 bara, for 10% NH3, 20% O2, and 
balance bath gas. These values are then converted to the relevant pressure and temperature to 
calculate the mass transfer coefficients and concentrations at different pressures 
 Air Steam  
𝔇𝑚,𝑁𝐻3 2.00E-04 2.11E-04 m2.s-1 
𝔇𝑚,𝑂2  1.56E-04 1.76E-04 m2.s-1 
𝔇𝑚,𝑁𝑂  1.55E-04 1.81E-04 m2.s-1 
C 12.4 12.4 mol.m3 
𝜌 0.343 0.256 kg.m-3 
𝜇 4.15E-05 3.79E-05 Pa.s 
Table A.4.1 The fluid properties used to calculate the mass transfer coefficient and concentrations. The properties of the 
gas have been taken to be at 700°C and 1 bara, 10% NH3, 20% O2, balance air or steam. 
Shah’s mass transfer correlation has been used to calculate the mass transfer coefficients from the 
Reynolds number (Shah 1970). In Chapter 2 it is shown that the fit can extend to 𝑅𝑒 as low as 0.1. 
 𝑗𝐷,𝛾 = 0.644𝑅𝑒𝑑,𝛾−0.57        5 < 𝑅𝑒𝑑,𝜀 < 245              A.4.2 
In a few of instances the exact gauze has not been given in the text. In these cases the type and 
number of gauzes assumed have been stated. In the data tabulated in this section Θ denotes the 
excess oxygen above surface: 
 Θ = [𝑂2]∞ −  𝜈 𝑘𝑔,𝑁𝐻3𝑘𝑔,𝑜2 [𝑁𝐻3]∞             A.4.3 
The terms Ξ(𝑁2) and Ξ(𝑁2𝑂) are abbreviations of the expressions: 
 Ξ(𝑁2)  = 𝑆𝑒𝑙(𝑁2)𝑘𝑔,𝑁𝐻3[𝑁𝐻3] ,   and  Ξ(𝑁2𝑂) =  𝑆𝑒𝑙(𝑁2𝑂)𝑘𝑔,𝑁𝑂𝑘𝑔,𝑁𝐻3[𝑁𝐻3]  A.4.4 
where the selectivities are corrected from the experimental selectivities (𝑆𝑒𝑙𝑒𝑥𝑝), and where 𝑖 is 
either 𝑁2 or 𝑁2𝑂:  
 𝑆𝑒𝑙(𝑖)  = 𝑆𝑒𝑙𝑒𝑥𝑝(𝑖)1 − 𝑆𝑒𝑙𝑒𝑥𝑝(𝑁2)− 𝑆𝑒𝑙𝑒𝑥𝑝(𝑁2𝑂) A.4.5 
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A.4.1 Appl’baum and Temkin (1948) 
 
Pressure 1 bara 
Temperature 800-900 °C 
NH3 conc. 10 vol. % 
Table A.4.2 The range of conditions used in the experiments of Appl’baum and Temkin (1948). 
 
Wire diameter 0.09 mm 
Mesh type 32 mesh per cm 
Active surface 1.87 m2surface per m2burner 
Fractional opening (𝛾) 54.8 - 
Table A.4.3 The gauze type used in the experiments of Appl’baum and Temkin (1948). 
 
- L.h-1.cm-2 °C vol% %  kg/d/m2 % - m
2.s.mol-1 mol.m-3 
𝑵𝒈 Loading T NH3 mol frac. Sel (NO)  G Sel (N2)* 
𝑹𝒆𝜸 𝚵(𝑵𝟐) 𝚯 
3 20 805 10 91.4  5,277 5.7 1.00 1.54 0.25 
3 41 800 10 91.5  10,818 5.7 2.06 1.12 0.25 
3 115 800 9.9 89.8  30,343 6.8 5.77 0.87 0.29 
3 230 810 10.4 85.9  60,686 9.4 11.54 0.85 0.20 
5 115 820 10.8 88.5  30,343 7.7 5.77 0.90 0.09 
5 230 810 10.6 86.2  60,686 9.2 11.54 0.81 0.15 
3 20 905 10.2 95.2  5,277 3.2 1.00 0.84 0.18 
3 41 905 10.1 96.0  10,818 2.7 2.06 0.52 0.19 
3 55 905 10 96.3  14,512 2.5 2.76 0.43 0.22 
3 82 910 9.9 95.8  21,636 2.8 4.11 0.41 0.24 
3 115 905 11.2 94.0  30,343 4.0 5.77 0.45 -0.05 
5 55 920 10.3 96.4  14,512 2.4 2.76 0.40 0.14 
5 115 905 10.8 94.2  30,343 3.9 5.77 0.45 0.04 
5 230 890 10.7 91.2  60,686 5.9 11.54 0.51 0.09 
Table A.4.4 Experimental data from Appl’baum and Temkin. 
 
560 l/hr/cm2=131,900 kg/d/m2  2000 l/hr/cm2=527,700 kg/d/m2 
Vol.% - -  Vol.% - - 
NH3 conc. First gauze Last gauze  NH3 conc. First gauze Last gauze 
10.75 830 -  10.50 850 - 
11.10 850 -  11.50 895 - 
11.85 890 -  11.70 910 - 
11.90 890 -  12.25 945 - 
11.95 895 -  12.85 970 - 
13.00 945 -  12.90 980 - 
13.05 950 -  11.10 - 850 
10.70 - 790  11.30 - 860 
11.20 - 820  11.80 - 885 
11.90 - 840  12.50 - 920 
12.50 - 870  12.60 - 935 
13.00 - 900  12.90 - 955 
   
 13.00 - 955 
   
 13.00 - 945 
Table A.4.5 Experimental gauze temperature data for the first and last gauze in the pack. 8 layers of gauze, inlet 
temperature of 25°C from Appl’baum and Temkin 
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A.4.2 Zasorin et al. (1968) 
 
Pressure 1 bara 
Temperature 820 °C 
NH3 mole frac. (𝑥𝑁𝐻3) 18 vol. % 
NH3 mass frac. (𝑤𝑁𝐻3) 13.4 mass % 
Loadings (?̇?𝐴𝑁𝐻3)
30 400-800  kgNH3.d-1.m-2 
Table A.4.6 The range of conditions used in the experiments by Zasorin et al. 
 
Wire diameter 0.09 mm 
Mesh type 32 mesh per cm 
Active surface (𝜔) 1.87 m2 surface per m2 burner 
Fractional opening (𝛾) 54.8 - 
Number of gauzes (𝑁𝑔)  3 - 
Table A.4.7 The assumed gauze used in the experiments of Zasorin et al. 
 𝐺 = 𝑁𝑔𝜔
𝑤𝑁𝐻3
 ?̇?𝐴𝑁𝐻3 A.4.6 
 
kg.d-1.m-2SA mol/mol % kg.d-1.m-2 % - m2.s.mol-1 mol.m-3 
?̇?𝐒𝐀 [O2]:[NH3] Sel (NO) G Sel (N2)* 𝑹𝒆𝜸 𝚵(𝑵𝟐) 𝚯 
400 2.72 97.5 16,770 1.6 0.43 16.43 2.95 
400 2.55 98.3 16,770 1.2 0.43 10.93 2.51 
400 2.54 97.5 16,770 1.7 0.43 15.61 2.50 
400 1.70 97.8 16,770 1.5 0.43 9.37 0.43 
400 1.68 97.3 16,770 1.8 0.43 11.00 0.36 
400 1.66 96.9 16,770 2.0 0.43 12.42 0.33 
400 1.53 97.2 16,770 1.9 0.43 10.60 0.00 
400 1.54 96.8 16,770 2.2 0.43 12.11 0.03 
400 1.47 96.5 16,770 2.4 0.43 12.66 -0.13 
400 1.53 95.7 16,770 2.8 0.43 15.74 0.02 
400 1.46 96.5 16,770 2.3 0.43 12.29 -0.17 
400 1.36 94.6 16,770 3.6 0.43 17.65 -0.39 
400 1.33 93.7 16,770 4.2 0.43 19.85 -0.44 
400 1.31 93.2 16,770 4.6 0.43 21.17 -0.49 
400 1.35 93.2 16,770 4.6 0.43 21.95 -0.38 
400 1.36 92.6 16,770 5.0 0.43 23.84 -0.36 
400 1.33 92.5 16,770 5.0 0.43 23.51 -0.43 
400 1.18 82.0 16,770 12.0 0.43 46.42 -0.66 
800 2.54 96.1 33,530 2.6 0.86 32.52 2.52 
800 2.46 95.1 33,530 3.3 0.86 38.88 2.34 
800 1.63 95.3 33,530 3.1 0.86 24.61 0.26 
800 1.50 94.2 33,530 3.9 0.86 28.00 -0.03 
800 1.50 93.6 33,530 4.2 0.86 30.57 -0.03 
800 1.48 92.7 33,530 4.8 0.86 34.27 -0.06 
800 1.30 87.8 33,530 8.2 0.86 48.67 -0.45 
800 1.17 77.1 33,530 15.2 0.86 75.58 -0.63 
800 1.18 75.1 33,530 16.6 0.86 81.77 -0.57 
Table A.4.8 Experimental data from Zasorin et al. 
                                                          
30 The loadings are assumed to be the same as those used by researchers in the USSR – mass flow rate of 
ammonia per m2 of gauze surface area and converted to m2 of burner area as per equation A.4.6. 
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A.4.3 Atroshchenko et al. (1971) 
 
Pressure 6-31 atm 
Temperature 870-1010 °C 
[O2]:[NH3] 1.8-2.0 mol/mol 
NH3 mole frac. 9.5-10.4 vol. % 
Table A.4.9 The range of conditions used in the experiments by Atroshchenko et al. 
 
Wire diameter 0.09 mm 
Mesh type 32 mesh per cm 
Active surface 1.87 m2 surface per m2 burner 
Fractional opening (𝛾) 54.8 - 
Gauze thickness (𝑡𝑔) 0.18 mm 
Table A.4.10 The assumed gauze for the experiments Atroshchenko et al. As the burner from the USSR, and at high 
pressure, the most common gauze has been assumed.  
The mass flux has been calculated from the residence time (𝜏), the number of gauzes (𝑁𝑔), and the 
density (𝜌0) at 25°C and 1 atm: 
 𝐺 = 𝑁𝑔𝑡𝑔
𝜏
 𝜌0 𝑇0𝑃𝑇𝑃0 A.4.7 
 
atm °C s (x10-4) - % kg/d/m2 % - m2.s.mol-1 mol.m-3 
P T 𝝉 Ng Sel(NO) G Sel (N2)* 𝑹𝒆𝜸 𝚵(𝑵𝟐) 𝚯 
6 870 0.930 16 95.2 460,320 3.6 19.2 0.51 2.28 
6 900 0.911 16 96.5 457,902 2.6 18.6 0.37 2.36 
6 930 0.890 16 97.4 457,018 2.0 18.1 0.28 2.41 
11 900 1.015 20 94.2 941,838 4.4 38.3 0.46 4.08 
11 950 0.975 20 96.2 940,392 2.9 36.7 0.30 4.29 
11 980 0.952 20 97.8 940,053 1.7 35.8 0.17 4.46 
16 900 1.090 30 92.5 1,913,526 5.6 77.7 0.44 5.67 
16 950 1.045 30 94.2 1,914,327 4.4 74.6 0.34 5.94 
16 980 1.020 30 95.8 1,914,289 3.2 72.8 0.25 6.18 
16 1010 0.995 30 97.4 1,916,501 2.0 71.2 0.15 6.43 
21 900 1.120 30 92.0 2,444,230 6.0 99.3 0.43 7.35 
21 950 1.075 30 94.0 2,442,436 4.5 95.2 0.32 7.75 
21 980 1.045 30 95.6 2,452,397 3.3 93.3 0.23 8.08 
21 1010 1.020 30 97.2 2,453,755 2.1 91.2 0.15 8.40 
31 900 1.150 30 89.0 3,514,023 8.3 142.8 0.51 9.94 
31 950 1.100 30 91.0 3,523,557 6.8 137.3 0.42 10.54 
31 1010 1.050 30 94.2 3,518,718 4.4 130.8 0.27 11.50 
31 900 1.150 50 91.5 5,856,705 6.4 237.9 0.31 10.69 
31 950 1.100 50 93.5 5,872,595 4.9 228.9 0.24 11.29 
Table A.4.11 The experimental data of Atroshchenko et al. 
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A.4.4 Heck et al. (1982) 
 
Pressure 7.9 bara 
NH3 concentration 10 vol. % 
Total inlet flow31 680  SCFH 
Burner diameter 25.4 mm 
Number of gauze 21 - 
Table A.4.12 In the experiments of Heck et al. 
 
Wire diameter 0.076 mm 
Mesh type 32 mesh per cm 
Active surface 1.407 m2 surface per m2 burner 
Fractional opening (𝛾) 0.649 - 
Table A.4.13 The gauze type of Heck et al. 
The N2O selectivity has been calculated from the dry N2O mole fraction at the exit (𝑥𝑁2𝑂,𝑒𝑥𝑖𝑡) which is 
given in the text. As the inlet ammonia mole fraction (𝑥𝑁𝐻3,𝑖𝑛) is 10 vol.%, one mole of ammonia 
makes 1.5 moles of water: 
 𝑆𝑒𝑙(𝑁2𝑂) = 2 𝑥𝑁2𝑂,𝑒𝑥𝑖𝑡𝑥𝑁𝐻3,𝑖𝑛 �100 − 32𝑥𝑁𝐻3,𝑖𝑛� A.4.8 
 
°C % % - m3.s.mol-1 mol.m-3 
T dry(N2O) Sel(N2O) 𝑹𝒆𝜸 𝚵(𝑵𝟐𝑶) 𝚯 
825 0.21 3.50 5.29 0.25 1.27 
857 0.18 3.52 5.14 0.25 1.25 
875 0.18 3.62 5.06 0.26 1.14 
912 0.11 2.14 4.90 0.15 1.37 
924 0.11 2.05 4.85 0.15 1.51 
929 0.10 1.85 4.83 0.13 1.42 
935 0.09 1.68 4.81 0.12 1.38 
939 0.11 2.08 4.79 0.15 1.29 
939 0.13 2.55 4.79 0.18 1.27 
855 0.16 3.17 5.15 0.23 1.19 
853 0.11 2.12 5.16 0.15 1.33 
885 0.11 2.12 5.02 0.15 1.33 
920 0.10 1.94 4.87 0.14 1.36 
914 0.09 1.76 4.89 0.13 1.38 
916 0.08 1.64 4.89 0.12 1.40 
929 0.09 1.76 4.83 0.13 1.38 
920 0.07 1.37 4.87 0.10 1.44 
914 0.06 1.17 4.89 0.08 1.46 
929 0.06 1.16 4.83 0.08 1.47 
Table A.4.14 The experimental data of Heck et al. 
 
 
                                                          
31 At STP the density of air is 0.074887 lb.ft-3. Thus the gauze loading is taken as 262,766 kg.d-1.m-2. 
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A.4.5 Clement et al. (1982) 
Wire diameter 0.06 mm 
Mesh type 32 mesh per cm 
Fractional opening (𝛾) 0.698 - 
Table A.4.15 The gauze used by Clement et al. 
 
atm °C Vol. % mol/mol Vol. % Vol. % - % % % kg/d/m2 - 
P T 𝒙𝑵𝑯𝟑 [O2]:[NH3] 𝒙𝑯𝟐𝑶 𝒙𝑵𝑶 Ng SelNO SelN2 SelN2O G 𝑹𝒆𝜸 
1 880 11.9 1.30 72.6 0.0 4 94.2 4.8 1.0 20,600 0.33 
1 880 11.7 1.45 71.4 0.0 4 97.3 2.0 0.7 21,195 0.48 
1 880 7.5 1.45 49.8 32.8 4 92.0 5.2 2.8 31,615 0.78 
1 880 7.6 1.25 49.2 33.1 4 89.2 7.1 3.7 31,315 1.74 
Table A.4.16 The experimental data of Clement et al. 
 
A.4.6 Gough and Wibberley (1988) and Horner (1991) 
The experiments from both these authors were conducted on the same experimental rig. The gauze 
type has been assumed to be the same, which is standard gauze for high pressure combustion. 
Wire diameter 0.076 mm 
Mesh type 32 mesh per cm 
Fractional opening (𝛾) 0.649 - 
Table A.4.17 The assumed gauze type of Gough and Wibberly, and Horner. The gauze type is not given in the text, 
however the wire diameter is given. From this it is assumed that the gauze used is standard high pressure gauze. 
 
bara °C Vol. % - % kg/d/m2 % - m2.s.mol-1 mol.m-3 
P T NH3 mol frac. Ng Sel(NO) G Sel (N2)* 𝑹𝒆𝜸 𝚵(𝑵𝟐) 𝝌(𝑶𝟐) 
7.2 940 10.8 10 92.2 240,630 5.6 16.7 0.63 0.41 
5.2 890 10.5 10 93.5 525,730 4.9 7.6 0.79 0.61 
Table A.4.18 The experimental results of Gough and Wibberley. 
 
bara °C Vol. % - % kg/d/m2 % - m2.s.mol-1 mol.m-3 
P T NH3 mol frac. Ng Sel(NO) G Sel (N2)* 𝑹𝒆𝜸 𝚵(𝑵𝟐) 𝚯 
3.8 744.5 10.0 8 90.4 190,000 7.2 6.5 1.31 0.99 
3.8 740.0 10.0 8 89.3 190,000 8.0 6.5 1.46 1.02 
9.3 835.0 10.7 21 91.6 1,163,460 6.3 40.0 0.49 0.81 
9.3 856.5 10.3 21 90.4 1,210,600 7.2 41.5 0.57 1.77 
Table A.4.19 The experimental results of Horner. 
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A.5 Micro-kinetic model Traversac (2008) 
A.5.1 Chemkin surface input file 
 
ELEMENTS 
  O H N 
END 
 
SITE/PT_SURFACE/   SDEN/ 2.30E-9/ 
!!! H/O Species 
O(S) 
H(S) 
OH(S) 
H2O(S) 
!!! N/NH Species 
N(S)  
NH(S)  
NH2(S)  
NH3(S)  
!!! NOx Species 
NO(S)  
N2O(S)  
!!! OTHER Species 
PT(S) 
END 
 
!!! Thermodynamic Data 
THERMO ALL 
  100.0   1000.0   3000.0  
 
NH3(S)                 1N   1H   3PT  1     I    100.00   3000.00 1000.00      1 
 2.17915324E+00 7.26849360E-03-2.69178779E-06 4.54287906E-10-2.71433315E-14    2 
-1.45135907E+04 3.99273891E+00 3.34241379E+00 3.43446639E-03 1.27863243E-06    3 
-6.37513111E-10-2.34995874E-13-1.47687903E+04-1.77806641E+00                   4 
!!! (Offermans et al., 2006) BE =  68 kJ.mol^-1 (DFT) 
NH2(S)                 1N   1H   2PT  1     I    100.00   3000.00 1000.00      1 
 1.71669018E+00 7.62114962E-03-3.59236475E-06 8.26981980E-10-7.49879804E-14    2 
-2.44791589E+03 4.72063218E-01 1.35768510E+00 5.50885006E-03 8.31537399E-06    3 
-1.52155765E-08 6.53113642E-12-2.31259253E+03 2.80640104E+00                   4 
!!! (Ford et al., 2005)  BE = 221 kJ.mol^-1 (DFT) 
NH(S)                  1N   1H   1PT  1     I    100.00   3000.00 1000.00      1 
 5.86199672E-01 6.84807100E-03-3.91059345E-06 1.08149012E-09-1.16324910E-13    2 
-1.54224415E+03-4.31609174E+00-1.28060929E+00 1.51420781E-02-1.73280604E-05    3 
 1.05016386E-08-2.54620456E-12-1.21901093E+03 4.46151454E+00                   4 
!!! (Offermans et al., 2006) BE = 387 kJ.mol^-1 (DFT) 
N(S)                   0N   1PT  1          I    100.00   3000.00 1000.00      1 
 1.96919325E+00 1.88398288E-03-1.36888064E-06 4.44045369E-10-5.32413516E-14    2 
 6.16414771E+03-1.09139664E+01-1.59984969E+00 1.95380992E-02-3.41063330E-05    3 
 2.72327729E-08-8.18958988E-12 6.74870443E+03 5.55922994E+00                   4 
!!! (Ford et al., 2005)  BE = 420 kJ.mol^-1 (DFT) 
O(S)                   1O   1PT  1          I    100.00   3000.00 1000.00      1 
 1.92592070E+00 1.99656985E-03-1.41675557E-06 4.41314164E-10-5.05330631E-14    2 
-1.50915955E+04-1.01949142E+01-1.31631954E+00 1.95180840E-02-3.46898753E-05    3 
 2.73919721E-08-8.00734518E-12-1.46653745E+04 4.32238398E+00                   4 
!!! (Ford et al., 2005)  BE = 221 kJ.mol^-1 (DFT) 
NO(S)                  1N   1O   1PT  1     I    100.00   3000.00 1000.00      1 
 4.67243631E+00 1.71538940E-03-9.28022686E-07 2.33981646E-10-2.25738433E-14    2 
-2.94473136E+03-1.20033669E+01 2.16207431E+00 1.51321550E-02-2.93812114E-05    3 
 2.69315104E-08-9.17331742E-12-2.50258937E+03-4.64062062E-01                   4 
!!! (Gorte et al., 1981) BE = 105 kJ.mol^-1 (TPD) 
N2O(S)                 1N   2O   1PT  1     I    100.00   3000.00 1000.00      1 
 3.84168620E+00 5.86084971E-03-3.50595685E-06 9.79852525E-10-1.04543641E-13    2 
 6.68110228E+03 6.81815687E+00 1.96374556E+00 1.42179821E-02-1.72471250E-05    3 
 1.09025542E-08-2.76526890E-12 7.01233574E+03 1.56615770E+01                   4 
!!! (Burch et al., 2004)  BE =  16 kJ/mol^-1 (DFT) 
OH(S)              92491O   1H   1PT  1     I    100.00   3000.00 1000.00      1 
 2.30917943E+00 4.26151036E-03-2.29210689E-06 6.07642012E-10-6.32110661E-14    2 
-2.07770472E+04-2.02502513E+00 1.40684324E+00 5.08701854E-03 4.58534420E-06    3 
-1.20144399E-08 5.75824781E-12-2.05887201E+04 2.69585468E+00                   4 
!!! (Offermans et al., 2006) BE = 213 kJ.mol^-1 (DFT) 
H2O(S)                 1O   1H   2PT  1     I    100.00   3000.00 1000.00      1 
 3.03746527E+00 3.11083573E-03-8.05945292E-07 5.55502687E-11 4.93506619E-15    2 
-3.47044200E+04-5.51938562E-01 3.13196626E+00 4.06548042E-03-3.45299906E-06    3 
 2.10771977E-09-4.49326348E-13-3.48160821E+04-1.40633721E+00                   4 
!!! (Fisher et al., 1980) BE =  40 kJ.mol^-1 (TPD) 
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H(S)                   0H   1PT  1          I    100.00   3000.00 1000.00      1 
 1.25010550E+00 1.94380290E-03-9.30291952E-07 2.11966754E-10-1.87836301E-14    2 
-4.14155140E+03 1.50875130E+00 2.03803156E+00-3.79595190E-04 6.42739939E-07    3 
 8.84393013E-10-7.28769748E-13-4.31823172E+03-2.44381249E+00                   4 
!!! (Offermans et al., 2006) BE = 261 kJ.mol^-1 (DFT) 
 
PT(S)                   PT  1               S    100.0    3000.0  1000.0       1 
 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00    2 
 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00    3 
 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00                   4 
 
PT(B)                   PT  1               S    100.0    3000.0  1000.0       1 
 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00    2 
 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00    3 
 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00                   4 
           
 
!!! Surface-Coverage Dependent Enthalpy of Oxygen 
HFCOV 
O(S) O(S)     -3608 
END 
END 
 
REACTIONS   JOULES/MOLE  USRPROD 
!!! ADSORBTION REACTIONS 
!!! Reaction 1    (based on Gohndrone, 1989) 
NH3 + PT(S) = NH3(S)                       3.00E-02 0.00 0.0 
STICK  
!!! Reaction 2    (Park, 1999} 
O2 + 2PT(S) = 2O(S)                        3.00E-02 0.00 0.0 
STICK 
!!! Reaction 3  (Park, 1999; Forsth, 2002) 
H2O + PT(S) = H2O(S)                       7.00E-01 0.00 0.0 
STICK 
!!! Reaction 4  (Deutschmann et al., 2000; Försth, 2002) 
H2 + 2PT(S) = 2H(S)                        4.60E-02 0.00 0.0 
STICK 
 
!!! AMMONIA ACTIVATION  
!!! Reaction 5  (Offermans et al., 2006)  
NH3(S) + O(S) = NH2(S) + OH(S)             5.22E+20 0.00 42000 
!!! Reaction 6  (Offermans et al., 2006) 
NH2(S) + O(S) = NH(S) + OH(S)              2.66E+21 0.00 87000 
!!! Reaction 7  (Offermans et al., 2006) 
NH(S) + O(S) = N(S) + OH(S)                3.31E+21 0.00 84000 
!!! Reaction 8  (Offermans et al., 2006) 
NH3(S) + OH(S) = NH2(S) + H2O(S)           6.97E+19 0.00 73000 
!!! Reaction 9  (Offermans et al., 2006) 
NH2(S) + OH(S) = NH(S) + H2O(S)            1.48E+21 0.00 22000 
!!! Reaction 10  (Offermans et al., 2006) 
NH(S) + OH(S) = N(S) + H2O(S)              2.22E+20 0.00 35000 
!!! Reaction 11  (Offermans et al., 2006) 
NH3(S) + PT(S) = NH2(S) + H(S)             2.44E+20 0.00 93000 
!!! Reaction 12  (Offermans et al., 2006) 
NH2(S) + PT(S) = NH(S) + H(S)              2.18E+21 0.00 110000 
!!! Reaction 13  (Offermans et al., 2006)  
NH(S) + PT(S) = N(S) + H(S)                3.13E+21 0.00 118000 
 
!!! SURFACE WATER MECHANISM 
!!! Reaction 14  (Park, 1999) 
O(S) + H(S) = OH(S) + PT(S)                4.35E+19 0.00 50626  
COV/O(S) 0.0 0.0 5440/ 
COV/H(S) 0.0 0.0 -13810/ 
!!! Reaction 15  (Park, 1999) 
H2O(S) + O(S) = OH(S) + OH(S)              4.35E+19 0.00 52718 
COV/O(S) 0.0 0.0 89900/ 
!!! Reaction 16  (Park, 1999) 
OH(S) + H(S) = H2O(S) + PT(S)              4.35E+18 0.00 51882 
COV/O(S) 0.0 0.0 -51880/ 
COV/H(S) 0.0 0.0 -12970/ 
 
!!! SURFACE MECHANISM and DISORBTIONS 
!!! Reaction 17  (Asscher et al., 1984; Rebrov et al., 2002) 
N(S) + O(S) = NO(S) + PT(S)                4.35E+21 0.00 121200 
!!! Reaction 18  (based on Zhu, 2003) 
NO + PT(S) = NO(S)                         9.00E-01 0.00 0.0 
231 
 
STICK 
!!! Reaction 19  (Rebrov et al., 2002) 
2N(S) = N2 + 2PT(S)                        4.35E+19 0.00 79100 
!!! Reaction 20     (Dumesic, 1993; Rebrov, (2002, 2003)} 
N(S) + NO(S) = N2O(S) + PT(S)              4.35E+18 0.00 92900 
!!! Reaction 21  (Traversac, 2008} 
N2O(S) = N2 + O(S)                         2.00E+14-0.45 154700 
!!! Reaction 22:  (Traversac, 2008} 
N2O + PT(S) = N2O(S)                       2.00E-03 0.00 0.0 
STICK 
END 
 
 
A.5.2 Transport input file 
 
TRANSPORT 
!!! Carrier gasses 
AR                 0   136.500     3.330     0.000     0.000     0.000 
HE                 0    10.200     2.576     0.000     0.000     0.000 
!!! H/O species 
H                  0   145.000     2.050     0.000     0.000     0.000 
H2                 1    38.000     2.920     0.000     0.790   280.000 
H2O                2   572.400     2.605     1.844     0.000     4.000 
H2O2               2   107.400     3.458     0.000     0.000     3.800 
HO2                2   107.400     3.458     0.000     0.000     1.000 
OH                 1    80.000     2.750     0.000     0.000     0.000 
O                  0    80.000     2.750     0.000     0.000     0.000 
O2                 1   107.400     3.458     0.000     1.600     3.800 
!!! N/H species 
N                  0    71.400     3.298     0.000     0.000     0.000 
N2                 1    97.530     3.621     0.000     1.760     4.000  
N2H2               2    71.400     3.798     0.000     0.000     1.000 
N2H3               2   200.000     3.900     0.000     0.000     1.000 
N2H4               2   205.000     4.230     0.000     4.260     1.500 
NH                 1    80.000     2.650     0.000     0.000     4.000 
NH2                2    80.000     2.650     0.000     2.260     4.000 
NH3                2   481.000     2.920     1.470     0.000    10.000 
NNH                2    71.400     3.798     0.000     0.000     1.000 
!!! N/O species 
NO                 1    97.530     3.621     0.000     1.760     4.000 
NO2                2   200.000     3.500     0.000     0.000     1.000 
NO3                2   232.400     3.828     0.000     0.000     1.000 
N2O                1   232.400     3.828     0.000     0.000     1.000  
!!! Other species 
PT                 0   136.500     3.330     0.000     0.000     0.000 
End 
 
 
 
